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SUMMARY 

An  experinental  investigation  was  conducted  to  determine  whether 
the  maxUnus  sulfur  content  of  0*4  weight  per  cent,  currently  allowed  in  grade 
JP~5  aviation  turbine  fuel,  is  a  safe  level  for  the  protection  of  turbine 
blade  alloys  used  in  high-performance  engines. 

Specimens  of  two  nickel-base  alloys  (Inconel  713C  and  Sierra  Metal 
200)  were  exposed  to  vitiated  air  from  the  Phillips  2-inch  combustor  (56  air- 
fuel  ratio)  at  high  temperature  (2,000  degrees  Fahrenheit),  high  pressure 
(15  atmospheres),  and  high  velocity  (500  feet  per  second)  during  a  five-hour 
cyclic  test  (55  minutes  fuel-on  and  5  minutes  fuel-off).  A  statistically 
designed  test  program  was  used  to  evaluate  the  effect  of  three  sulfur 
concentration  levels  in  the  fuel  (0.0002,  O.O4O,  and  0.40  weight  per  cent) 
at  three  sea  salt  caicentration  levels  in  the  air  (aero,  1.50,  and  15.0  parts 
per  million),  and  also  any  sulfu'  x  sea  salt  interaction.  The  significance 
of  test  specimen  metal  losses  and  changes  in  tensile  properties  was 
established  by  analyses  of  variance,  made  at  a  confidence  level  of  95  per  cent. 

Both  super  alloys  showed  good  resistance  to  oxidation  and  erosion, 
in  the  absence  of  sulfur  and  sea  salt.  Little  or  no  evidence  was  found  of 
sulfur  corrosion  In  the  absence  of  sea  salt.  Catastrophic  sea  salt  corrosion 
was  encountered  with  both  super  alloys  in  some  instances.  A  significant 
sulfur  X  sea  salt  interaction  was  shown  by  both  super  alloys;  but,  while  hot 
gas  corrosion  of  Inconel  713C  was  accelerated,  hot  gas  corrosion  of  Sierra 
Metal  200  was  Inhibited. 

Decreasing  sulfur  eonesntratlon  in  fuel,  from  the  current  JP-5 
specification  maximum  of  0.40  to  O.O4O  weight  per  cent,  did  not  reduce  sea 
salt  corrosion  significantly.  However,  the  complex  interaction  found  with 
ingested  sea  water  does  not  allow  for  a  recommendation  aa  to  the  maximum 
sulfur  limit  in  JP-5,  without  additional  data.  It  la  recomaended  that  this 
study  be  extended  to  include  additional  super  alloys,  evaluated  over  a  range 
in  ezhauat  gaa  teiqwrature.  A  suggested  test  program  is  outlined  to  obtain 
the  receiended  additional  information. 
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HOT  GAS  CORROSIOtl  OF  SUPER  ALLOTS 


I.  IMTRODUCTIOW 


A.  Gas  Turbine  Engine  Operation  in  Marine  Environ«ent 

In  the  past,  the  O.A  weight  per  cent  of  sulfur  allowed  in  grade 
JP-5  aviation  turbine  fuel  has  not  accelerated  the  corrosion  of  engine  hot 
section  parts  significantly.  The  concentration  of  sulphurous  gases  in  the 
coMbttstor  exhaust  streae  has  not  been  high  enough,  under  the  oxidizing 
conditions  and  at  the  tenperatures  prevailing,  to  result  in  sulfidation 
of  turbine  blades.  The  chroaiun  content  of  the  nickel -base  alloys  involved, 
which  aids  the  super  alloy  in  resisting  attack  by  oxygen  and  sulfur,  has 
been  near  20  per  cent  and  operating  temperatures  have  not  exceeded  1,700  F. 

Continued  development  of  the  aircraft  gas  turbine  engine,  to 
decrease  specific  fuel  ccmsumptiv->  and  increase  specific  power,  has  required 
the  development  of  new  alloys  to  permit  higher  cycle  temperatures.  Engines 
of  advanced  design  are  operating  now  with  turbine  inlet  gas  temperatures 
of  2,100  F.  These  new  alloys  are  characterized  by  a  reduction  of  chromium 
e<mzent  to  near  10  per  cant  in  order  to  increase  the  concentration  of  high 
tmiperature  strengthening  elements.  While  their  resistance  to  oxidation 
appears  satisfactory,  reports  of  accelerated  corrosion  by  sulfidation  must 
be  evaluated  carefully  by  the  Navy. 

Catastrophic  corrosion  of  nickel-base  alloys  having  loti  chromium 
content  has  been  encountered  where  operatior  has  been  over  or  near  the  sea 
(Ref.  1  and  2).  Traces  of  sodium  sulfate,  a  ma^r  constituent  of  sea  salt, 
has  been  detected  on  corroded  turbine  blades.  It  has  been  possible  to 
reproduce  the  essential  features  of  the  attack  on  the  new  type  super  alloys 
in  laboratory  tests  by  exposure  to  sea  salt. 

Required  aircraft  operational  patterns  exclude  control  over  sea 
water  and  sea  salt  ingestion  by  the  engine.  However,  other  approaches  to 
limiting  sulfidation  of  hot  section  components  are  being  investigated  by 
the  Navy.  The  use  of  transpiration  air  cooled  turbine  olades  has  been 
suggested  as  a  design  approach  to  lower  metal  operating  teaperatmree  (Ref.  3). 
Another  approach  mi^t  be  the  use  of  fuel  of  Icsr  sulfur  content  to  reduce 
the  conemtretion  of  iulphurous  gases  (Ref.  k). 
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Changes  in  aetallurgy  to  improve  corrosion  resistance  do  not 
appear  promising,  since  they  would  lose  the  physical  properties  which  made 
a  desirable  structural  material  in  the  first  place.  However,  the  application 
of  suitable  protective  coatings  to  resist  attack  by  corrosive  materials  is 
being  vigorously  pursued,  with  much  prosdse  (Ref.  5).  Periiaps  suitable 
coatings  of  a  self-healing  nature  might  be  made  by  the  use  of  proper  fuel 
additives,  as  has  been  the  practice  vrith  industrial  gas  turbine  engines 
operating  on  residual  fuels.  Such  a  feature  would  be  of  great  value,  for 
even  under  the  best  circumstances  coatings  are  susceptible  to  random  defect 
failures  and  reliability  remains  as  the  major  problem  confronting  the  user. 

The  perfection  of  a  self-healing  coating  system  might  allcw  the  use  of 
refractory-metal-base  alloys  operable  at  temperatures  near  3,000  F. 

B.  Hot  Gas  Corrosion  of  Super  Alloys 

Super  alloys  (nickel -chromium-cobalt  base  with  smaller  amounts  of 
aluminum,  titanium,  columblum,  molybdenum,  etc.)  have  been  developed  for 
service  in  oxLdlting  atmospheres  at  temperatures  near  2,000  F.  Their 
superior  physical  properties  are  required  by  aircraft  gas  turbine  engines 
for  hot  section  components,  such  as  rotating  turbine  blades,  where  mechanical 
and  thermal  stresses  are  at  a  maximum.  Their  resistance  to  oxidation  damage 
results  from  the  growth  of  stable  adherent  metal  oxide  scales;  therefore, 
these  parts  do  suffer  from  oxidaticm  damage,  but  it  is  usually  not 
significant  until  after  hundreds,  or  even  thousands,  of  hours  of  operation. 

Under  the  oxidizing  conditions  existing  in  the  hot  section  of  an 
aircraft  gas  turbine  engine,  sulfur  attack  js  normally  no  more  severe  than 
oxygen  attack,  due  to  the  formation  of  a  surface  oxide  film  on  the  alloy 
(Ref.  6).  However,  the  deposition  of  ash  from  the  air  or  fuel  opens  the  way 
for  catastrophic  rates  of  sulfidation,  associated  with  the  fluxing  action 
of  molten  phases  formed  on  the  surface  of  the  metal  structure  (Ref.  7,  8, 

<51,  and  10).  A  common  source  of  such  deposits  is  sea  salt,  which  is  rich 
in  sodium  sulfate.  The  deposits  may  serve  to  collect  and  concentrate 
sulfur,  which  is  normally  present  in  harmless  concentrations  in  the  exhaust 
gas  and  convey  _t  to  the  metal  surface  beneath  the  deposit. 

There  is  no  generally  satisfactory  solution  to  this  problem  short 
of  removal  of  the  molten  phase  from  contact  with  the  metal,  a'ith  operation 
in  a  marine  environment,  it  is  not  usually  feasible  to  prevent  the  ingestion 
of  sea  water  and  sea  salt.  The  alternate  has  been  to  keep  the  temperature 
below  the  fusion  temperature  of  the  predominately  sodium  sulfate  deposit,  or 
to  use  an  alkaline  earth  additive  to  raise  its  fusion  temperature  above  the 
temperature  of  operation. 

r>.  Review  of  Previous  Work  by  Phillips  Petroleum  Company 

Limited  investigations  of  the  effect  of  fuel  sulfur  on  "hot  section" 
durability  of  aircraft  gas  turbine  engines  have  been  conducted  by  Phillips 
Petroleum  Company  working  under  U.  S.  Havy  Bureau  of  Naval  Weapons 
Contracts  NOas  58-310-d,  NOas  60-6009-c,  lOw  61-0590-d,  and  N600  (19;-58239 
(Ref.  11,  12,  13,  and  14).  Much  of  this  work  has  been  sumMrised  in  a 
paper  presented  to  the  Institute  of  Petroleum  (Bef.  15).  In  addition,  a 
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small  amount  of  exploratory  woric  was  conducted  during  the  first  quarterly 
period  of  the  present  Contract  NOw  63-0406-d  (Ref.  16) .  These  investigations 
have  shown  that: 

1.  The  form  in  which  sulfur  exists  in  tiie  fuel  (i.e.,  organic 
sulfur  compound  type)  is  unimportant  to  hot  gas  corrosion  as 
compared  to  the  gross  sulfur  content  of  the  fuel.  (Ref.  11 
and  12) 

2.  The  extent  of  sulfidation  is  a  linear  function  with  time, 
indicating  that  its  mechanism  is  not  diffusion  controlled  by 
a  coherent  barrier  layer  of  scale.  (Ref.  11,  12,  13,  U,  15, 
and  16) 

3.  The  aromatic  content  of  the  fuel  (0  to  25  per  cent)  had  no 
measurable  effect  on  hot  gas  corrosion  rates,  indicating 
that  variations  in  exhaust  gas  soot  content  and  flame 
radiant  heating  at  high  pressure  were  not  significant.  (Ref. 

16) 

U.  The  relative  rates  of  hot  gas  corrosion  for  a  group  of  super 
alloys  at  atmospheric  pressure  did  not  correlate  with  rates 
obtained  at  high  pressure,  indicating  that  sulfidation 
reactions  are  pressure  dependent  a>,l  vary  with  alloy 
composition.  (Ref.  14) 

5.  Svlfi'i*  had  little,  or  no,  effect  on  hot  gas  corrosion — in 
^he  absence  of  sea  salt.  (Ref.  15) 

6.  Sea  salt,  accelerated  hot  gas  corrosion  at  high  temperatures 
l.bOC  to  1,000  F,  but  had  no  effect  at  1,350  F.  (Ref.  13  and 

1<^) 

D.  Contract  NOw  63-0406-d 

An  experimental  investigation  of  corrosion  by  hot  gases  of  modem 
super  alloys  used  in  aircraft  turbine  engines  of  advanced  design  was 
conducted  by  Phillips  Petroleum  Company  during  the  third  quarterly  period, 
October  through  December,  1963,  of  U.  S.  N«vy  Bureau  of  Naval  Weapons 
Contract  NOw  63-0406-d.  Coupons  of  .luminum- titanium-hardened  nickel - 
chromium-base  alloys  were  exposed  to  high  velocity  gases,  at  temperaturf^ 

and  high  pressure,  to  evaluate  the  effect  of  the  latter's  sulfur  and  sea 
salt  content. 

This  study  was  made  to  determine  whether  the  maximum  sulfur  limit 
of  0.4  weight  per  cent,  currently  allowed  in  grade  JP-5  aviation  turbine 
fuel,  is  a  safe  level  for  the  protection  from  hot  gas  corrosion  of  turbine 
blade  alloys  used  in  advanced  engines  when  operating  in  a  marine  environment. 
If  not,  information  was  sought  to  show  whether  a  reduction  in  the  sulfur 
limit  for  JP-5  would  alleviate  ot  gas  corrosion  significantly. 
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The  use  of  oversimplified  test  methods,  such  as  furnace  exposure 
to  high  temperature  or  torch  exposure  to  high  temperature  and  high  velocity, 
does  not  provide  exposure  to  the  full  range  of  variables  encountered  in 
actual  service.  While  a  limited  amount  of  such  data  arj  available  from 
the  literature  (Ref.  /»,  6,  7,  8,  9,  and  10),  they  cannot  be  accepted  with 
confidence. 

A  more  restrictive  limitation  on  the  amount  of  sulfur  allowed 
in  JP-5  carries  with  it  the  certainty  of  decreased  availability,  and  the 
potential  of  increased  cost.  The  former  can  be  very  important  in  the  event 
of  a  national  emergency,  while  even  a  small  increment  in  the  latter  can 
amount  to  a  substantial  sum  because  of  the  large  volumes  involved. 

Therefore,  this  investigation  was  carefully  designed,  using  a 
high-pressure  burner  rig  to  obtain  exposure  of  super  alloy  test  specimens 
to  conditions  closely  simulating  those  prevailing  in  service.  For  maximum 
severity  of  test  conditions,  a  high  compression  ratio  aviation  gas  turbine 
operating  at  sea-level  take-off  conditions  was  simulated.  The  super 
alloy  test  specimens  were  exposed  to  the  exhaust  gas  from  a  combustor 
operated  at  the  following  conditions: 

1.  Combustor  inlet  temperature  of  1,000  F. 

2.  Combustor  pressure  of  15  atmospheres. 

3.  Combustor  exhaust  gas  temperature  of  2,000  F. 

U.  Combustor  reference  velocity  of  200  ft/sec. 

5.  Cyclic  operation  each  hour,  with  55  minutes  at  temperature. 

A  statistically-desigied  test  program  was  conducted  to  show  whether  the 
con^'entration  tf  sulfur  in  the  fuel  accelerated  sea  salt  corrcsion 
significantly.  The  extent  of  hot  gas  corrosion  was  based  on  evaluation 
of; 


1.  Test  specimen  weight  loss. 

2.  Deterioration  in  test  specimen  tensile  properties. 


II.  TEST  KUIPMaiT 


A .  Phillips  2-Inch  Combustor 

A  schematic  diagram  of  the  Phillips  2-inch  combustor  installation 
used  in  this  study  Is  shown  in  Figure  1.  Design  details  of  this  coi^ustor 
have  been  describef*  previoualy  9^*17 ).  asically,  it  embodied  the  principal 
features  of  a  modem  aircrait  gas  turbine  c<MBruator.  It  was  a  straight- 
through,  can-type,  combustor  with  fuel  atomisation  by  a  single,  eimpi ex-type, 
notxle.  The  flame  tube  was  fabricated  fn^i  2- inch,  Schedule  40,  Ineonel 
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pipe,  with  added  internal  deflector  skirts  for  filai  cooling  surfaces 
exposed  to  the  flame. 

The  supporting  test  facility  has  been  described  previously  in 
detail  (Ref. IB).  Briefly,  air  was  supplied  by  rotary  Fuller  compressors, 
filterea  oy  a  Selas  Vape-Sorber,  and  preheated  by  a  Thermal  Research  heat- 
exchanger.  Fuel  was  supplied  by  nitrogen  pressurisation  of  its  supply 
tank.  Also,  sea  water  was  supplied  by  nitrogen  pressurisaticm  of  its 
supply  tank. 

The  design  of  the  combustor  installation  provides  for  easy  access 
to  the  fuel  nozzle,  flasw  tube,  and  test  specimens.  The  combustor 
installation  was  disassembled,  inspected,  and  reconditioned  after  every 
test. 


During  preliminary  testing,  sea  water  was  injected  into  the 
primary  tone  of  the  combustor,  near  the  fuel  nozzle.  The  injection  probe 
was  water  cooled  to  prevent  vaporization  of  sea  water,  and  plugging  of  the 
orifice  with  sea  salt.  It  became  evident  immediately  that  flame  tube 
life  wou].d  be  limited  to  a  single  5-hour  test  with  sea  water  because  of 
severs  corrosion  of  the  internal  deflector  skirts.  Therefore,  the  sea 
water  injection  point  was  moved  downstream  to  the  quench  zone  of  the 
combustor,  as  sbown  in  Figure  1.  This  maricedly  improved  flame  tube  life. 

During  preliminary  testing,  an  air  cooled,  310  stainless  steel 
erdiaust  section  was  used.  It  soon  became  evident  that  this  would  not 
stand  extended  periods  of  operation  with  2,000  F  exhaust  gas  temperature. 
Therefore,  it  war  cooled  by  water  Jacketing,  with  excellent  results. 

It  is  of  interest  to  compare  data  from  the  preliminary  tests  with 
that  obtained  following  relocation  of  the  sea  water  injection  probe  and 
addition  of  water  cooling  to  the  exhaust  section.  It  will  be  noted  from 
Table  I  that  these  modifications  in  test  equipment  had  a  negligible  effect 
on  hot  gas  corrosion  of  Inconel  713C.  Therefore,  it  was  concluded  that 
important  changes  in  the  sea  salt  did  not  occur  as  a  result  of  its 
exposure  to  either  flame  temperature  or  longer  residence  time  in  the 
combustor  prior  to  contacting  the  test  specimens.  In  addition,  it  was 
concluded  that  an  Important  reduction  in  test  8i)ecimen  temperature  did  not 
resu-lt  from  the  lower  exhaust  section  wall  temperature. 

Good  test  repeatability  was  indicated  by  the  data  presented  in 
Table  I.  An  excellent  spread  in  weight  loss  is  also  evident  between  tests 
with  the  sulfur  free  (two  parts  per  million)  base  fuel  and  the  base  fuel 
with  added  sulfur  plus  ingested  sea  water.  In  view  of  these  data,  it  was 
decided  to  inject  the  sea  water  into  the  quench  zone  of  the  combustor  and 
to  water  Jacket  the  exhaust  section.  During  the  test  program  that  followed, 
no  failures  of  either  the  flame  tube  or  the  exhaust  section  were  noted. 
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EFFECT  OF  TEST  BQUIflfaiT  MODIFlCATlDliS  OW  LEVEL 
OF  HOT  (US  CORBOSIOir 


ATeragt  Weight  Loss  for  Two 


Incmel  713C  Test  Specimens  at 

2.000  F  Test  Condition.  Milliarams 

Test  Equiraent  Modification 

Base  Fuel  with 

Sea  Water  Inaestlon 

Exhaust  Section 

Base  Fuel 

0.40  Per  Cent  Sulfur, 
15  ppm  Sea  Salt  in  Air 

Combustor  Inlet 
(Flame  Zone) 

Air  Cooled 

52 

2098 

2166  (Check  Test) 

Combustor  Outlet 
(Quench  Zone; 

Water  Cooled 

20 

26  (Check  Test) 

2167 

2246  (Check  Test) 

B.  Speclaen  holder 

The  test  specimen  holder  was  of  the  same  design  employed  in 
earlier  week  CfWL  16) .  Its  general  location  with  respect  to  the  2-inch  combustor 
has  already  ueen  indicated  in  Figure  1.  It  is  separated  from  the  2-inch 
combustor  by  a  six-inch  long  waver  cooled  spool,  and  is  followed  by  another 
water  cooled  spool  one  foot  in  length.  It  is  mounted  in  a  suitable  carity 
in  a  flange  located  between  these  tiro  water  cooled  spools. 

Tne  cross  sectional  area  of  the  2-inch  pipe  in  which  the  test 
speclaen  holder  is  located  is  3.36  In.^;  however,  the  unblocked  area  in 
the  test  specimen  holder  is  only  1.80  in.^.  The  holder  maintains  the  test 
specimens  at  an  angle  of  45  degrees  to  the  direction  of  flow  of  the  exhaust 
gas,  as  shown  in  Figure  2.  This  provides  for  acceleration  of  the  gas  flow 
over  the  surface  of  the  test  specimens,  much  as  over  the  turbine  blading  in 
an  actual  engine. 

While  the  310  stainless  steel  test  specimen  holder  is  subjected 
to  considerable  attack  by  the  hot  exhaust  gases,  this  design  provides  for 
easy  removal  of  the  test  specimens — and  replacement  of  the  holder  when 
necessary. 


It  is  apparent  from  the  locaticm  of  the  test  specimens  relative 
tc  the  flow  direction  that  the  specimens  were  being  subjected  to  an  appreciable 
gas  pressure  loading  while  a  test  was  In  progress.  The  pressure  drop  across 
the  specimens  is  a  measure  of  the  loading  and  for  most  of  the  test  results 
discussed  in  this  report,  amounted  to  5  Ib/in.^. 


DIRECTION 

OF  FLOW  SCALE :  1  " »  1 " 


FIGURE  2 

TEST  SPECIMEN  HOLDER  FOR  PHILLIPS  2- INCH  COMBUSTOR 
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C.  Stxtclaan  £l»ctroclwilng 

A  Twrj  MtltfActoz7  ttchnlqas  for  th«  rtaortl  of  tpooijMn  ioalt 
or  balk  coddo  after  aspoaora  to  hot  gaa  corroaion  haa  baao  daaerlbad  bj 
Shirlajr  (Raf.  8).  Thla  taohnlque  waa  aaad  in  thla  atodjr*  A  aeh«atlc  dia^ 
gran  of  tha  cathodic  descaling  appantoa  la  ahoan  in  Figure  3.  Test  apaciMUS 
have  a  Ho«  30  drill  hole  in  one  and  for  hanging  in  the  caustic  bath. 

Briaflj,  the  tachniqfua  inrolTas  Inarsing  the  spaolBens  in  noltan  sodluB 
hjdrozlda  (750-790  F)  and  passing  about  1/3  aapara/cir  through  the 
spaciBane  for  a  period  of  10  Binntaa.  Tima  for  two  test  spaciaans  vith  a 
total  aurfaca  area  of  35.28  cb^,  a  direct  currant  of  12  aaparaa  naa  used. 

This  is  foUoiiad  by  a  water  quench.  IHLth  new^  una]q>oaad  speclBans,  onlj 
a  negligibla  uount  of  Bstal  la  lost  with  this  technique.  The  affects  of 
cathodic  descaling  are  discussed  in  greater  detail  in  the  Results  secti<»i 
of  the  report. 

D.  SpeclBen  Modificati^ui  for  Tensile 

As  shown  in  Figure  2,  a  test  speciBen  consisted  of  a  coupon  of 
super  alloj  0.50  in.  wide,  2.38  in.  long,  and  0.06  in.  thick.  After 
esposure  to  hot  gas  corrosion  in  the  cooitostor,  preweighad  speeiBens 
were  cleaned  as  described  in  Section  II-C  and  than  reweighad  to  detensina 
the  weight  loss. 

Prior  to  the  measurssMnt  of  the  tensile  properties,  both  before 
and  after  aiqMsure  to  hot  gas  corrosion,  the  new  or  cleaned  speciBen  was 
filleted  as  shown  in  Figure  4*  The  width  of  the  tensile  speciaan,  0.250  ± 
0.002  in.,  was  easily  Bsasured  with  a  BicrosMtar.  Howerer,  when  the 
speciBen  had  been  exposed  to  hot  gas  corrosion,  the  irregular  surfaces 
of  the  top  and  botten  sides  Bade  the  thickness  Bore  difficult  to  Bsasure. 
Therefore,  there  was  e  ainor  uncertainty  in  the  cross-sectional  area  to 
be  used  in  the  calculation  of  the  ultiaate  tensile  strength  of  speciasns 
after  €aqx>sure  to  hot  gas  corrosion. 

The  tensile  specimens  were  pulled  in  an  Instron  Model  TTCl 
tensile  machine  operated  at  a  crosshead  trarel  rate  of  0.1  in./ain.  The 
gauge  length  of  the  tensile  speeiaen  was  0.875  in. 

III.  TEST  MATERIALS 


A.  Fuel 


1.  Suflur  in  Petroleua 

Natural  erode  oil  is  cesposed  of  hydrocarbons,  priaarily.  Howerer, 
noroally  there  are  «sll  amounts  of  organic  coapounds  of  sulfur,  oxygeri, 
and  nitrogen  present,  in  addition  to  wexy  audl  aaounts  of  Botallo-organie 
coapounds  of  TanadiuB,  nickel,  iron,  and  copper.  These  non-hydrocarbon 
constituents  are  usually  concentrated  in  the  higher-boiling-tssperature 
portion  of  the  crude  oil,  along  with  polynuclear  aromatics  and  Bulti-ring 


BROWN 

TEMPERATURE 

INDICATOR 


PHILLIPS  PCTROLRUM  COMPANY 
RISKARCH  DIVISION'  RCPbRT  3C06'-C4R 


AFTER  SPECIMEN  IS  EXPOSED  TO 
HOT  GAS  CORROSION  IN  2 -INCH 
COMBUSTOR 


FIGURE  4 

MODIFICATION  OF  TEST  SPECIMEN  FOR  TENSILE  EVALUATION 
FOLLOWING  EXPOSURE  TO  HOT  GAS  CORROSION 
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ojcloperefflne.  Cenerally,  thej  have  been  eeoided  in  aTiatlon  turbine 
fuels  bj  epeeifleetion  of  fractions  boiling  below  550  F. 

Sulfur  is  the  exception.  Deccsipositioii  of  high  aolecular  weight 
sulfur  caapotmds  occurs  during  refining  operations,  to  add  lower-boiling 
sulfur  compounds  which  were  not  constituents  of  the  original  crude  oil. 
Thus,  a  kerosine  type  fraction,  such  as  JP-5,  usuallj  contains  sulfides 
(RS),  disulfides  (BS2),  etc. 

The  aaount  of  sulfur  in  crude  oil  waries  over  a  range  of  several 
orders  of  Bagnltude;  l.e.,  fron  about  0.05  to  5  weight  per  cent.  South 
Aaerican,  Rear  and  Middle  East  crude  oils  contain,  on  the  awerage,  aore 
sulfur.  However,  crude  oils  produced  fron  a  geographical  region  can 

vary  greatly. 

Conventional  refinery  distillation  of  crude  oil  nomally 
cimcentrates  about  95  par  cent  of  the  sulfur  in  the  heavy  distillate 
fraction  and  residual  portion.  This  leaves  the  aiddle  distillate  fraction, 
used  for  aviaticm  turbine  fuel,  relatively  free  of  sulfur.  Further  renoval 
of  sulfur  has  long  constituted  an  inportant  part  of  refinery  practice  to 
stabilise  products  with  respect  to  odor,  color,  and  gun  fomation. 

For  nore  detailed  discussions  of  the  above  inforaation,  see 

Ref.  19. 


2.  Sulfur  in  JP-5 

The  aulfhr  content  of  54  sanples  of  grade  JP-5  aviation  turbine 
fuel,  representative  of  production  in  the  United  States  fron  1957  throu^ 
1963,  averaged  0.102  weight  per  cent,  but  the  nsdian  value  was  only  0.060 
weight  per  cent  sulfur  (Ref.  20).  These  data  are  tabulated  in  Table  II. 
It  is  pertinent  to  point  out  that  the  precision  of  the  .\STM  Lanp  Method 
(D-I226)  used  by  the  nanufacturera  to  obtain  these  data  is  O.Cl  weight  per 
cent  sulfur,  since  II  per  cent  of  the  sanples  were  at,  or  below,  this 
level.  The  najority  of  the  samples,  54  p^r  cer.t,  we?*e  between  0.02  and 
0.10  weii^t  per  cent  in  sulfur  content.  However,  thit'  left  35  per  cent 
which  approached  the  JP-5  specification  maxinun  of  O.i^O  weij^t  per  cent 
sulfur. 


It  is  of  invsrest  to  note  that  286  samples  of  the  more  volatile 
grade  JP-4  aviation  turbine  fuel,  averaged  over  tiie  sane  pe.lod  of  tins, 
showed  a  sulfur  content  of  0.04m  weight  per  cent  (Ref.  20),  This  is  43 
per  cent  of  the  average  sulfur  content  reported  for  JP-5. 

On  the  basis  of  this  and  other  sinilar  information,  it  was 
decided  to  oorluot  this  study  using  test  fuels  having  three  levels  of  sulfur 
concentration.  One  was  chosen  at  the  maxlnun  sulfur  content  of  O.4O  weight 
per  cent  allowed  by  the  specification  for  grude  JP-5  aviation  turbine  fuel, 
since  a  eonsidenble  quantity  of  production  fuel  approc.  .hes  this  level. 
Another  was  selected  at  an  order  of  nagnitude  less  in  sulfur  content.  O.O4C 
weii^t  per  cent,  to  represent  the  level  characteristic  of  the  major  portion 
of  avlatiMi  turbine  fuel  produced.  K  decrease  in  sulfur  content  of  another 
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ordtr  of  BAgnitudo,  to  0,QOkD  might  p«r  o«nt,  itmBd  rMsonablo  for  th« 
third  fatl;  hoirtTAr,  it  wm  f«lt  that  an  amn  lowar  laml  would  ba  daairabla 
to  allow  taating  with  an  aaaantlall/  aulftir>fraa  baaa  fual. 


TABIZ  II 


SULFUR  OOWTEIIT  OF  REFHEaMTATIVE  U.  S,  PBODOCTIOi  SAMPLES  OF  JP-5 
U.  S.  Buraan  of  NLnaa  Patrolaua  Product  Sunraj  (Raf.  2C) 


_ Total  Sulfur 

Content. 

we||^ 

par  emt 

Tsar 

W7  . 

1958 

W60 

1i2l 

0.02 

0.024 

0.01 

0.004 

6.005 

0.005 

0.01 

0.063 

0.053 

0.022 

0.038 

0.023 

0.01 

C.027 

0.16 

0.072 

0.027 

0.078 

0.032 

0.024 

0.033 

0.18 

0.160 

0.031 

0.182 

0.035 

0.027 

0.039 

0.22 

0.16 

0.036 

0.23 

0.046 

C.028 

0.050 

0.29 

0.04 

0.056 

0.067 

0.087 

0.23 

0.22 

0.08 

0.09 

0.35 

0.23 

C.097 

C.35 

0.25 

C.18 

0.19 

0.18 

0.32 

C.32 

ATsrsgs 

0.129 

0.110 

0.093 

“olio? 

0.100 

O.C93 

0.100 

Nadisn 

0.16 

0.116 

C.034 

0.078 

0.046 

0.067 

0.069 

Iota! 

O.ICC 

0.060 


3.  Baaa  FUal 


The  base  fual  salactad  for  uaa  during  thia  atudjr  was  a  aagragatad 
aaaple  of  production  ASTH  Type  A  aviatior  turbina  fual.  Its  physical  and 
cha^cal  propartiaa  of  intaraat  tc  thia  inwaatigation  are  praaantad  in  Table 
III.  For  eoapcrison  purpoaea,  the  sTeraga  waluat  of  pertinent  properties 
fro«  the  Burem  of  ML^a  Patroleu*  Product  Sureey  oeer  the  period  frc»  1957 
throng  1963  are  ahown  for  grades  JP>5  and  JP>4  aeiation  tart>ine  fUax  (Raf.  20). 
It  ahottld  be  noted  that  the  phjsical  and  chmical  properties  of  the  baaa 
fuel  eloaalj  approslBLte  the  arerages  for  JP-5»  ^th  the  exception  of  its 
Terj  low  aulfbr  content.  The  base  fuel  also  was  analysed  for  Mtal  eotitent, 
to  be  cert^ain  that  its  ir<m,  Tanadiun,  nickel,  and  copper  content  were 
Aegligibla;  alnsa,  if  present,  they  would  concentrate  as  ash  and  night 
signiileantlj  altar  the  scale  coaposition  on  the  teat  speclBar  being  ex¬ 
posed  to  the  conhustor  exhaust  gas. 


The  base  fUal  was  essential ly  free  of  sulfur,  containing  only  2 
parts  sulfur  par  Billion  parts  of  fUel  by  weight;  i.e.,  C.00L2  weight  per 
cant  sulfur.  The  higher  sulfUr  content  teat  fuels  were  produced  by  blending 
to  0.040  and  0.40  weight  par  cant  sulfur  using  ditartisry  tmtyl  disulfids. 
This  dithiaalksna  has  bean  widely  used  in  past  rasesrch  to  obtain  high 
sulfur  cobtsnt  tsst  fuels,  sines  it  is  relatieely  inexpensive  end  avsllable 
at  adequata  purity.  Also,  sarlisr  work  has  shown  organic  sulfur  eoapound 
typs  to  bs  uniaportant  in  hot  gas  corrosion  studiss  (Rsf.  12). 
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Tati  FUal  AT«rag«  AT«r«g« 

Ba-  U)  JP-5  (b)  JPz4jb 


Dittillatioii  T«9aratiira,  P 


Initial  Boiling  Point . 

...  329 

5  aoluM  par  eant  an^wratad  .  . 

...  3U 

10  aolOM  par  eant  aa^wratad  .  . 

...  350  .  . 

.  382  ,  .  . 

210 

20  TO Inna  par  eant  aaaporatad  .  . 

...  359 

30  toImm  par  eant  araporatad  .  . 

...  366 

40  ToltoM  par  eant  araporatad  .  . 

...  377 

30  ToloM  par  cant  araporatad  .  . 

a  •  •  ^00  •  0 

.413  ... 

307 

60  rolant  par  eant  araporatad  .  . 

...  400 

70  roluns  par  eant  araporatad  .  . 

...  a? 

00  rol»M  par  eant  araporatad  .  . 

...  435 

90  rolnw  oar  eant  ar^ratad  .  . 

...  460  .  . 

.455  ... 

412 

95  rolune  par  eant  araporatad  .  . 

...  478 

Point . 

...  498 

Grarity,  dagraaa  API  . 

.  .  .  46.2 

42.1 

53.2 

Gan,  nLlllgraaa  per  100  nillilittra  .  . 

...  0.2 

1.0 

1.0 

Snoka  Point,  nilliaatara . 

.  .  .  26.2 

23.1 

26.1 

Coapoaitlon,  walg^t  par  eant 


Julfar .  0.0002(c)  0.10  0.04 

KaUla  (d) 

Irm . laaa  than  0.0001 

Vanadlaa . laaa  than  0.0001 

Miekal . laaa  tiian  0.0001 

Co]^r . laaa  than  0.0001 

Rjdroeakxm  Typaa 

Noml  Parafflna .  27  (a) 

laoparafflna . .  23  (a) 

Cjrcloparafflna .  36(a) 

Olaflna .  0  (a) 

Aroaatiea .  14.0  14.3  11.2 


ISlSil 

(a)  Sagrapitad  aaaplf  (BJ63>-B-<^9}  of  prodaeticn  A5TM  Typa  A  aTlaticm 
torbina  faal,  proaaaaad  froa  Waat  Taxaa  emda  and  finiahad  by  hydrc- 
traatlf^. 

(b)  U.  S.  Baraaa  of  l&joaa  Fatrolava  Product  Suraay.  (Baf.  20) 

(e)  Righar  aalfttr  eootacit  taat  fUala  obtainad  bj  blmding  to  daalrad  aulftur 
laval  aalag  dltaitiaij  Imtyl  diaolfida. 

(d)  X>>ragr  flaoraaaanco  analyala. 

(a)  Typlaal  valaa  for  thia  product. 
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B.  S—  Wafr 


1.  CoBPOiitlon 

A  qmth«tic  e«a  watar  waa  uaad  In  thla  atudj.  Ita  foraolation 
viaa  takan  froa  tha  Standard  Nathod  of  Taat  for  Saat-Praranting  Charactarlatlca 
of  Staas-Turbina  Oil  ir.  tha  Praaanea  of  Watar,  ASTM  Daaignation  D-665-60. 

Tha  coaqfwnanta  and  tnalr  concantratlona  ara  ^o«n  in  Tabla  IV. 

Tabla  V  coaq>araa  tha  eoapoaition  of  thia  aynthatic  aaa  watar  with 
tha  aaaraga  coi^>oaition  of  aaa  watarj  aa  raportad  by  Goldbarg  (Raf.  21). 

Only  tha  alaaanta  praaant  in  aaa  watar  at  o<mca»trationa  of  1  ppa,  or  graatar, 
hava  baan  tabulatad.  Saallar  coneantrati<ma  of  alaaanta  praaant  in  aaa  watar 
ara  not  includad  in  tha  aynthatic  fonnla.  It  will  ba  notad  that  tha 
abundanca  of  tha  Taricua  alaaMnta  in  tha  aynthatic  fonaola  coaparaa  wary 
faworably  with  tha  airaraga  aaa  watar  co^poaition.  Tha  ona  azeaption  ia 
ailicon,  and  ita  axelxuion  tram  tha  aynthatic  aaa  tratar  aaaaM  Juatifiad 
in  tha  light  of  ita  raportad  rariation  in  abnndanca  froa  ona  watar-aaaa 
to  anothar  by  a  factor  of  1000,  or  Bora. 

It  ia  partinant  to  point  out  that  aaa  watar  will  laava  a  raaidue 
of  approziaataly  4.2  par  cant  oy  wai^t  of  aaa  aalt  upon  evaporation  of  tha 
water.  Thua.  for  our  pan>oaaa,  a  concentration  of  24  parta  of  aaa  water  per 
■illion  parta  of  air  ia  equivalent  to  a  concentration  of  ae'  aalt  in  air  of 
1  ppn.  Thia  aea  salt  containa  approsiaataly  2  par  cant  by  weight  aulfur, 
co^ined  with  about  20  per  cant  of  tha  available  aodiun  aa  sodiuB  eulfata, 
Na2S0|^.  The  regaining  aodiua  ia  available  to  cca^ina  with  aulfur  frcai  tha 
fuel  to  produce  additional  aodium  aulfata,  aa  notad  by  Siaona,  Breaming  azKl 
Liebhafaky  (Raf.  7).  If  tha  aulfur  contributed  by  tha  fuel  were  cd^jlataly 
acavar.ged  froa  the  hot  gaa  atraaa,  It  would  require  a  fuel  aulfur  content 
of  only  0.0005  weight  par  cant  at  an  air-fual  ratio  of  6C  to  convert  tha 
ezeeaa  aodium  to  aodiua  aulfata  with  a  aaa  aalt  ingaatior  rate  cf  1.0  ppain  air. 


TABIX  IV 

COMPOSITION  OF  ASTW  D665  SYKTHETIC  SEA  WATER 


.^t  (a) 

Foraila 

graaa  par  1: 

SodiuB  Chloride 

NaCl 

24.54 

MagnealuB  Chloride 

MgCl^.oK^O 

11.10 

Sodium  Sulfate 

Na2S04 

4.09 

Calclua  Chloride 

CaCl2 

1.16 

Potaaaiua  Chloride 

KCl 

0.69 

Sodivoa  Bicarbonate 

KaHC03 

0.20 

PotaaaiuB  Broaide 

KBr 

0.10 

Boric  Acid 

P3BO3 

C.03 

Strentiua  Chloride 

SrCl2.6H20 

0.04 

SodiuB  Fluoride 

Map 

0.003 

Total  a.  953 

Notaa: 

(a)  Dae  cp  chaadcals. 

(b)  Uaa  diatilled  water. 
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TABLE  V 

COMPOSITION  OF  SEA  WATER 


Elements  (a) 


Abundance,  grains  per  liter 
Average  Synthetic 
Composition  Sea  Water 

Principal  Species  (Ref,  21)  (ASTK  D66S) 


Oxygen 

Hydrogen 

Chlorine 

Sodium 

Magnesium 

Sulfur 

Calcium 

Potassium 

Bromine 

Carbon 

Strontium 

Boron 

Fluorine 

Silicon 


H2O;  02(g);  SO42- 

H2O 

Cl- 

Na+ 

Mg2+j  MgSO. 

SO42- 

Ca2+;  CaS04 
K+ 

Br“ 

HCO0-;  HoCOo;  C0<>2-;  Organic 
3r^:  SrS04  ^ 

B(0H)3;  B(0H)20- 
F“ 

Si(0H)4;  Si(0H)30- 


857 

857 

108 

108 

19r0 

19.8 

10.5 

11.0 

1.35 

1,33 

0.89 

0.92 

0.40 

0.42 

0.38 

0.39 

0.065 

0.068 

0.028 

0.028 

0.008 

0.013 

0.0C5 

0.005 

0.001 

G.OOl 

0.003  (b) 

Notea : 

Tal  Elements  prtjsent  at  an  abundance  greater  than  1  part  per  million. 

(b)  Silicon  varies  in  abundance  from  one  vater-mass  to  another  by  a  factor 
of  1000,  or  more. 


Thus,  the  amount  of  sodium  sulfate  in  the  ash  is  likely  to  be  limited  only 
by  the  total  sodium  content  of  the  hot  gas  stream, 

2.  Ingestion  Rate 

Establishing  a  realistic  level  for  the  concentration  of  sea  salt 
in  the  air  ingested  by  a  gas  turbine  engine  operating  in  a  marine  environment 
is  difficult  from  the  available  literature,  Woodstock  and  Gifford  (Ref,  22) 
report  a  concentration  at  50  feet  over  the  calm  ocean  near  Bennuda  of  approxi¬ 
mately  0.003  parts  by  weight  of  sea  salt  per  million  parts  of  air  (ppm). 

Cadle  (Ref.  23)  comments  that  salt  particles  over  the  ocean  may  at  times  be 
as  concentrated  as  100  particles  per  cubic  centimeter,  although  one  per  cubic 
centimeter  is  more  coimon.  From  this  information,  we  can  estimate  a  sea 
salt  concentration  over  a  rough  sea  of  about  0.3  ppm.  Of  course,  thi??  level 
may  be  augmented  by  the  vehicle.  Ir.  f»idr  agreement,  unpublished  data  has 
indicated  a  sea  salt  concentration  at  the  compressor  intake  of  one  marine 
application  to  be  approximately  0.01  rpm  under  normal  conditions,  rising  to 
0.5  ppm  in  rough  weather.  Graves  and  Carleton  (Ref.  24) 1  U.  3.  Navy  Bureau 
of  Ships,  point  out  that  marinited  gas  turbine  engines  should  be  capable  of 
satisfactory  operation  with  a  sea  salt  ingestion  rate  of  1  ppm.  Other 
unpublished  data  report  a  sea  salt  ingestion  rate  of  1.5  ppm  for  a  helicopter 
hovering  at  20  feet  above  the  ocean,  with  the  rotor  tip  vortex  action  creating 
a  considerab]e  spray. 
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On  the  basis  of  this  infonaation,  it  was  decided  to  conduct  this 
study  using  three  levels  of  sea  salt  ingestion.  Firsts  a  corrosion  base 
line  was  obtained  with  no  sea  salt  added  to  the  coabustion  systea.  Second, 
a  realistic  level  of  1.5  ppa  sea  oalt  in  air  was  obtained  by  the  injection 
of  synthetic  sea  water  into  the  quench  zone  of  the  ccabustor,  as  indicated 
in  Figure  1.  Third,  an  accelerated  corrosive  effect  was  obtained  by  the 
ingestion  of  sea  water  at  the  level  of  15. 0  ppa  sea  salt  in  air.  iidhile  the 
latter  inposee  artificially  severe  conditions,  it  is  a  cosnon  netallurgical 
practice  to  rely  on  accelerated  testing  for  gi^danee. 

C.  Super  Alloys 

Two  diiferc.ic.  nickel-base  alloys  were  used  as  test  speclaiena  during 
this  study.  The  selection  of  Inconel  713C  and  Sierra  Metal  200  was  .oade  to 
obtain  cast  allots  representative  of  materials  being  used  for  turbine  blades 
in  engines  of  advanced  design.  The  chemical  analysis  for  the  heats  fr<» 
which  the  investment  castings  were  made  are  shown  in  Table  VI.  The  inspectlor 
standards  for  these  castings  are  shown  in  Table  VII. 

Inconel  713C  has  been  widely  used  by  aircraft  gas  turbine  engine 
manufacturers  for  both  turbine  blades  and  turbine  nozzI«^.  guide  vanes.  It 
possesses  excellent  strength  properties  up  to  1800  F,  and  esdilblts  remarkable 
resistance  to  oxidation  at  that  temperature.  It  is  of  interest  to  note 
that  its  introduction  in  195^’  led  a  series  of  cast  alloys  which  permitted 
an  increase  in  operating  temperatures  of  about  100  F  above  previously  availab. 
wroTight  materials. 

Sierra  Metal  200  is  one  of  the  newer  cast  alleys,  introduced  to 
obtain  another  100  F  increase  in  operating  temperature;  i.e.,  to  1900  F. 

This  has  required  a  reduction  in  chromium  content  to  obtain  high  temperaiiure 
strength  properties,  which  has  resulted  in  some  lowering  of  oxidation 
resistance.  It  is  of  significance  to  note  the  unusually  high  tungsten 
content  of  this  super  alloy,  for  subsequent  data  show  large  amounts  of 
sodium  tungstete  in  the  scale  of  test  specimens  suffering  catastrophic  rates 
of  corrosion. 

2 

The  mean  initial  area  of  the  test  specimens  was  17.67  cm  The 
mean  initial  weight  of  the  Inconel  713C  test  specimens  was  9366  milligrams, 
and  of  the  Sierra  Metal  200  test  specimens  was  975A  milligrams. 
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TABlg  VI 

CQMPOSIflQIi  OF  SUPE3i  ALLOY  TEST  SfSCIMEHS 


Chealcal  Antlvele.  per  cent 


Allovinx  Elements 

Inconel  713C 

Sierra  Metal  200 

Nickel 

Balance  (70.63) 

Balance  (60.34) 

Cobalt 

0.36 

9.60 

Chromium 

12.93 

9.14 

MblybdCKnai 

4.64 

— 

Tungsten 

— 

12.12 

Aluminum 

6.46 

4.76 

Titanium 

0.62 

2.00 

Manganese 

C.Ol 

0.04 

Iron 

1.26 

0.53 

Zirconium 

0.14 

0.068 

Columbium 

2.25 

0.99 

Silicon 

0.31 

0.01 

Boron 

0,012 

0.015 

Sulfur 

0.007 

Carbon 

0.13 

0.17 

TABID  VII 

IWSraCTIOH  STANDARDS  FOR  SUFER  ALLOY  TEST  SPECIMENS 


1,  Diaenelonel 


1.1  XnveetBwnt  castings  were  finished  to  0.06  in.  bj  0.5  in. 
by  2.36  in.,  with  a  tolerance  of  ±  0.01  in. 

1.2  Positive  roughness  was  rei&oved,  or  reduced,  by  finishing 
to  obtain  a  "smooth"  section  surface. 


2.  Visual 

2.1  Negative  defects  which  did  not  esceeed  l/l6  in.  diameter  by 
l/6k  in.  deep,  and  separated  by  a  distance  equal  to  the 
diameter  of  the  larger  defect,  were  acceptable. 

2.2  Evidence  of  mold  crack,  or  partUne,  to  1/64  in.  high,  or 
deep,  was  acceptable. 

2.3  Positive  roughness  to  1/64  in.  high  was  acceptable. 

3.  Fluorescent  Penetrant  (Zvalo) 


3*1  Cracks  and  through  porosity  were  not  acceptable. 


3.2 


4. 


Large  faintly  fluorescent  areas  (1/4  in.  diameter  as  a  guide) 

in  which  definite  glowing  areas  do  not  exceed  l/l6  in.  were  not 
cause  for  rejection. 


4*1  Cracks  were  not  acceptable. 

4t2  Ji^^j^^^cluslons  up  to  3/32  in.  in  their  greatest  dimension 


were 
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IV.  TEST  PROCaAM 


A.  Proc^durt 


Th«  operating  eondltloni  ■•Iccttd  as  rapraMntatlTa  of  aodarn, 
high  p«rfo7Bumc«  aircraft  arc  ahown  Iji  Table  VIII  under  the  coluan  heading 
200C  P.  It  la  seen  that  operation  was  at  a  pressure  of  15  ataospheres, 
a  reference  Inlet  air  reloelty  of  2CX)  ft/see,  an  Inlet  air  toqperature  of 
1000  F  and  an  exhaust  gas  teaiperature  closely  approaching  2000  F.  The 
resultant  test  specimen  temperature  was  1830  F  and  the  flow  velocity  over 
the  speeiaens  was  500  ft/eec.  Under  these  conditions,  synthetic  sea  water 
was  injected  at  the  rates  0.0,  1.5  and  15  ppsi  sea  salt  with  fuel  sulfur 
contents  of  0.0002,  0.040  and  0.40  weight  per  cent. 

The  procedure  consisted  of  a  five-hour  cyclic  test  with  55  minutes 
of  exposure  of  the  test  sprslmens  to  hot  gases  followed  by  5  minutes  with 
the  fuel  turned  off.  On  ccsipletlon  of  a  test,  the  specimens  were  cathodlcally 
cleaned,  as  described  In  Section  H-C,  for  detexmlnatlon  of  weight  loos. 

The  tensile  properties  (ultimate  tensile  strength,  ultimate  load  and  per  cent 
elongation)  were  measure  after  preparing  the  specimens  for  this  purpose  as 
described  in  Section  II-D. 

Photomicrographs  of  the  specimens  were  made  for  namlnatlon  to 
detennine  the  depth  and  the  type  of  the  corrosion  attack.  X-ray  diffraction 
analyses  of  the  scale  from  some  of  the  specimens  were  also  made  to  provide 
information  conceitilng  the  cheadeal  composition  of  corrosion  products. 

In  addition,  a  brief  investigation  was  made  of  the  effect  of  temp¬ 
erature  on  the  hot  gas  corrosion  of  super  alloy  Inconel  713C.  Tests, 
similar  to  those  described  above,  were  run  at  exhaust  gas  temperatures  of 
1500  and  1750  F  under  the  conditions  shewn  in  Table  VIII.  In  these  tests, 
the  sulfur  content  of  the  fuel  we**  0.40  weight  per  cent  and  the  sea  salt 
concentration  in  the  combustor  air  was  15  PFS>>  ^  single  test  was  made  at 
each  temperature  ard  one  specimen  was  used  for  weight  loss  measurement  and 
the  other  for  X-ray  diffraction  analysis  of  the  scale  and  for  photomicrographs. 

Under  the  h5gh  temperature  conditions  (2000  F),  supplementary 
tests  were  made  with  essentially  sulfur  free  fuel  substituting  other  sources 
of  sodium  compounds  (sodium  chloride  and  sodium  hydroxide)  for  sea  salt. 

Weight  lose  was  measured  and  the  scale  was  analysed  by  X-ray  diffraction. 
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TABU  mi 

OFgRATIHG  COBDITIOHS  OF  FHILLIPS  2^1IICH  COMBUSTOR 


T»it  Condltlone  (a) 


2000  F 

1500  F 

Tsaperature,  degrees  Fahrenheit 

Xidiaast  Gas . 

1993  ±  15 

1746  +  11 

1498  ±  7 

Profile  (b)  . 

210 

190  ‘ 

no 

Test  Speciasns . 

1830 

1720  (c) 

1590  (c) 

Coabustor  Inlet  Air  .  .  . 

1000  ±  10 

900  +  10 

800  +  10 

Pressure,  ataospheres 

Cosfcustor  Inlet  Air  .  .  . 

15.0  ±  0.1 

15.0  ±  0.1 

15.0  +  0.1 

Coabustor  Drop . 

0.6 

0.8 

1.0 

Test  Speeiasn  Drop  .... 

0.3 

0.4 

0.5 

Mass  Flow  Rate,  pounds  per  hour 

Air . 

5480  +  40 

6120  1  40 

6840  1  40 

Fuel . 

98 

90 

61 

Alx^Fuel  Ratio  . 

56 

68 

84 

Flow  Telocity,  feet  per  second 

Coabustor  Reference  (d).  . 

200 

210 

220 

Bidunist  Gas  (e)  ..... 

270 

270 

270 

at  Test  Specisans  (f) 

500 

8 

W^ 

500 

Coiibattlon  Efflcienej,  per  cent  (g)  100  100  100 

Teit  DoretloDj  hours  (h)  .  .  .  5*00  ±  0.01  5 >00  ±  0.01  3*00  ±  0.01 


Botse; 

(a)  ATsragt  tsIuss,  with  standard  dsriation  shown  for  control  points. 

(b)  Msadjua  Ysrlation  bst%rssn  four  thsivoconplss  on  equal  area  centers. 

(e)  Test  speciasns  probablj  reflecting  flaas  radiation  to  give 
flotltlouslj  hl^  readlxigs  with  optical  pyr caster. 

(d)  Cold  flow,  based  on  2.66  in.^  exit  area  in  flaae  tube. 

(e)  Based  on  3*36  in.^  area  at  outlet  froa  eoidmstor. 

(f)  Baaed  on  1.80  in.  unblocked  area  in  test  speeiasn  holder. 

(g)  Calculated  using  asan  specific  heats  and  tsaperaturs  at  exhaust  gas 
core  to  alniaise  error  froa  heat  loss  to  water  cooled  wall. 

(h)  Operating  cycle  of  55  ainutes  at  test  COTidltlon,  followed  by  5  alnutes 
yAtti  fuel  off. 
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B.  Statlatlc*!  D**ljm 

To  craloat*  th*  off**!  of  thr**  Itrrel*  of  fttol  aulfor  cont«nt  and 
thr**  l*T*l8  of  a*a  aalt  ingoatlon  with  air  on  hot  gaa  corroalon  of  aapar 
alloys,  an  •aqwrtMnt  was  sst  up  for  aach  supa*'  alloy  consisting  of  daplieata 
tasts  at  aach  of  tha  nina  possibla  eoabinations  of  sulfur  and  saa  salt. 

Thasa  18  tasts  on  aach  alloy  vara  run  in  a  raiMioa  ordar.  In  aach  tast  two 
spaciMns  of  tha  supar  alloy  war*  asqtosad  to  hot  gasas  froa  tha  bumar. 

TM.S  typa  of  axparlsMnt  is  known  as  a  split* plot  dasign.  Tha  affaets  of  sulfu 
saa  salt  and  possibla  sulfur  z  saa  sa].t  intaraetlon  ara  araluatad  in  tha  aain 
plots  and  position>to*positlon  intaractions  ara  araluatad  in  sub*>plots. 
Eraluations  ara  basad  on  analysis  of  (1)  wai^t  loss  flroai  azposura  (2) 
ultiaiata  load  aftar  azposura  (3)  ultiiMta  tansila  strength  after  azposura 
and  {k)  par  cant  elongation  after  azposuia. 

V.  RKULTS 

A.  Basis  for  Analysis  of  Data 

Four  parsMtars  (wraight  loss,  ultiwata  tansila  strength,  par  cant 
elongation  and  ultiaata  load)  ware  studied  for  Ineonal  713C  and  Sierra  200. 
Statistical  wsthods  ware  uiad  in  analysing  thasa  data.  Notations  and  tasts 
used  ara  nor*  fully  described  in  tazts  such  as  Snadacor  (Raf.  25).  An  analysis 
of  rarianca  was  aada  on  aach  rariabl*.  Since  this  azpariaent  was  sat  up  on 
a  split-plot  dasign,  error  (a)  is  tha  wean  square  to  use  in  setting  up 
variance  ratios  for  "P"  tasts  for  significance  of  sulfur,  saa  salt  or  sulfur 
z  saa  salt  affects  while  error  (b)  to  tast  for  position  or  position  intaractio 
affaets.  Throughout  this  analysis  a  confidanea  laral  of  95  par  cent  was  used 
in  tasting  for  significance  of  affects,  dataradLning  confidanea  Halts  and 
dataralning  least  significant  diffaranc*  (L5D)  batwaan  asans.  In  each  analysl 
of  varianea  table,  is  usad  to lx»licata  a  significant  affect. 

In  an  analysis  of  variance  cdian  an  interaction  is  found  to  be 
signifieart  tast  for  significance  of  aain  affects  cannot  be  considered. 
Coaparisons  in  this  case  can  only  be  aada  of  one  factor  wl\4i  tha  laral  of 
tha  other  specified.  If  tha  intaraetl~n  is  not  significant  coaq>arlsons 
can  be  aada  of  tha  overall  aaans  of  tha  aain  affaets. 

In  tha  analysis  of  wai^t  loss  data,  logarithas  of  tha  wai^t  loassf 
ware  used  since  tha  standard  davlaticm  varies  cpproziaataly  directly  with 
tha  aaans.  Tha  antilogarithas  of  tha  avarag*  of  th*  logarlthas  for  a  given 
tast  condition  is  tha  gaoswtric  assn  of  tha  data. 

Th*  Bsthod  used  in  coaparlng  weight  losses  was  to  deter  sin*  tha  rat  ; 
of  aaans  at  two  tast  conditions  and  establish  confidence  Halts  on  tha  ratio. 
If  tha  confidanea  includes  "one"  it  can  be  concluded  that  there  is  no  signifi 
cant  diff«*anca  in  th*  weight  losaas.  Ratios  and  confidanea  intervals  ware 
obtained  as  foHows. 


(1)  Ratio.  Obtained  by  taking  diffaranea  batwaan  logarlthas  of 
tha  tast  conditions  being  coaqiarad.  Tha  antilogaritha  of  th* 
diffaranc*  is  tha  ratio  desired. 
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(2)  Confidtno  IntTrali  w«r«  obtained  by  adding  and  subtracting 
the  least  elgnifieant  difference  (l^D)  to  the  differences  in 
logarlthas  and  then  taking  antilogarithes  to  obtain  the  upper 
an'^  loner  confidence  intervale. 

In  cenparing  properties  of  saaples  after  exposure  with  properties 
of  new  Mtal  the  ISD  for  unpaired  obeervations  and  unequal  variance  was  cal> 
culated  froe  error  (a)  eean  aouare  and  the  ervor  eegn  square  froai  the  variance 
analysis  of  the  new  aetal.  ^eel  and  Tonde  (Ref.  26 'his  is  a  conservative 
approach  and  will  tend  to  under  rather  than  overstate  significance. 

B.  Inconel  713C  at  20CX)  P  Test  Conditions 


1.  Lq«m 


The  weii^t  loss  obtained  for  each  Inconel  713C  test  speeiisen  at 
each  test  condition  is  shown  in  Table  n. 


TiiBia  n 


WEICXT  LOSS  (MO)  OF  mCOREL  713C 

Sulfur  in 

Sea  Salt  in  Air.  dcbi 

Fuel.  Vt.  i 

0.0 

1.50 

15.0 

0.0002 

23.4 

23.1 

1008.7 

28.7 

21.6 

1335.3 

22.0 

28.2 

327.8 

18.0 

8.7 

598.6 

0.040 

18.5 

106.9 

906.0 

18.2 

206.4 

1008.4 

16.6 

63.7 

671.1 

13.0 

69.6 

919.8 

0.40 

19.3 

294.8 

1516.4 

9.5 

209.2 

2817.9 

7.4 

74.3 

1817.3 

17.8 

69.4 

2674.1 

An  analysis  of  variance  of  logarithns  of  weight  loss  is  shown  in 
Table  X,  The  sulfur  x  sea  salt  interaction  is  significant  and  CGsq>arieons 
of  one  factor  can  be  nade  only  with  the  level  of  the  other  factor  specified. 
The  effect  of  position  and  the  position  interactions  ...  not  significant. 
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TABUS  I 

AWALTSIS  07  VAEIAHCE  OF  LOG  OlITHMS  OF  WEKfflT  LOSS  (»)  FOR  IMCOHEL  713C 


Degrees  of 

Sub  of 

Mean 

Source  of  Tariation 

Flraedoa 

Squares 

Square 

F 

Total 

35 

24.1394 

Sulfur 

2 

0.7748 

0.3874 

5.40  (1) 

Sea  Salt 

2 

20.7292 

10.3646 

144.35  (1) 

Sulfur  X  Sea  Salt 

4 

1.5694 

0.3924 

5.46* 

_ 2 _ 

HilElE/lISlil 

Position  1  0.0091  0.0091 

SulfOr  X  Position  2  O.OI5I  0.0075 

Sm  Salt  X  Position  2  0.0680  0.0A40 

SulfOr  X  Ssa  SsO-t  x  4  0.0925  0.0231 

Position 

Error  (b)  9  0.2152  0.0239 

(1)  With  a  significant  intsrsetion,  ths  tost  of  Min  offsets  is  vitiated. 


The  geoMtrie  aeans  and  the  confidsnes  xijdts  are  shown  in  Table  XI. 


0,36 

0.32 

1.84 

0.97 


TABUS  11 


SI 


Stilfur  in 
Fuel.  Wt. 


0.0002 

10.1  ^  22.7  <  45.6 

9.3  ^  18.7  <  37.6 

357  ^  71?  ^  1440 

0.040 

8.2  *  16.4  ^  33.0 

49.5  ^  99.4  ^  200 

431  *  866  ^  1740 

0.40 

6.2  ^  12.5  ^  25.0 

66.5  ^134^  268 

863  ^  2130  ^  4290 

Lower  confidence  llslt  ^  geonetrlc  Been  ^  upper  ccmfidence  lisit 


AH  of  the  possible  coaparlsons  of  ratios  of  weight  losses  for  sulfur  concen¬ 
trations  with  fixed  sea  salt  concentrations  and  ratios  of  wai^t  losses  for 
sea  salt  eoneentratiems  with  fixed  solf^  concentrations  are  ^evn  in  Table  XII. 
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TABIJS  III 

COHfiRISOM  or  BATHOS  OF  WEIGBT  LOSS  FOR  CHAKg  IH  OWE  VARIABU  WITH 

OIHER  PUKD  for  DiOOHEL  TTiC 


Sm  Salt  in 


0.0 

1.50 

15.0 

Solfar  in 
Fnal.  Wt.  % 

0.0002 

0.040 

0.40 


Camarlaon  of  Snlfar  Concwrbratlona 
0.040/0.002  TiT  0.40/0.040  (1)  oIZq 


0.22  S  0.72  i  1.94 
1.96  i  5.32  i  14.3* 
0.45  ^  1.21  ^  3.24 


0.28  5  0.76  ^  2.03 
0.50  S  1.34  -  3.60 
0.92  i  2.46  i  6.61 


0.20  0.55  ^  1.47 

2.66  ^  7.16  i  19.2* 
1.11  ^  2.97  -  7.99* 


CcBPariacn  of  Saa  Salt  Concantratlona 
i.w/o.o  (»  liTo/'i.so  tli  15.0/0.0  (l) 


0.31  -  0.82  i  2.21 
2.26  S  6.06  15.9* 
3.99^  10.7  ^  28.7* 


14.3  -  38.3  -  103* 
3.25  -8.71  ^  23.4* 
5.96  4  15.9  c  42.9* 


11.8  4  31.6  -  84.7* 
19.6  4  52.8  -  141* 

63.8  ^  170  -  459* 


(1)  Ratio*  of  gaoMtrie  aaan  ««i|^t  loataa  at  eoneant rations  indicatad.  Lowar 
eenfidanca  Halt  4  ratio  of  aaana  ^  nppar  eonfidanea  lialt. 


Tha  folloaing  eonclnaions  can  b«  dravn  frca  thasa  data. 

(1)  it  0.0  paa  aaa  aalt.  foal  aolfur  eoneantration  does  not  affoct 
aatal  waii^t  loaa. 

(2)  At  1.50  vm  aaa  aalt.  faal  salfnr  eoneantration  of  0.0002  par 
e«it  eanaaa  laaa  aatal  aai^t  loaa  than  0.040  or  0.40  par  cant 
aalfhr. 

(3)  it  15.0  mm  aaa  aalt.  faal  aalftir  eoneantration  of  0.0002  par 
cant  eaaaaa  laaa  aat^  wai^t  loaa  than  0.40  par  cant  aolfur. 

(4)  Inoraaaad  aaa  aalt  concantratiepa  inaraaaad  aatal  aaight  loaa. 
with  tha  aseaption  of  an  incraaaa  in  aaa  aalt  eoneantration 
froB  O.C  to  1.50  piai  at  tha  low  (0.0002  par  cant)  concantratiem 
of  faal  aalf«ur. 

(5)  Chancaa  in  aaa  aalt  eoneantration  hara  a  Bach  graatar  affact 

on  aatal  waight  loaa  than  aalfar  eoneantration.  Tha  BarlBBi 
ineraaaa  for  a  ehanga  in  faal  aalfar  vaa  7.16  tlaaa  for  an 
incraaaa  froa  0.0002  to  0.40  par  cant  faal  aalfar  at  1.50  ppa 
aaa  aalt  ahila  tha  ineraaaa  for  a  ehanga  in  aaa  aalt 

«aa  170  tiaaa  for  an  incraaaa  froB  0.0  to  15.0  ppB  aaa  aalt 
at  0.40  par  cant  faal  aalfar. 


R«8«areh  DlTlaion  Report  3686- '64R 

25 


2.  Tmllt  Striurth 

Th«  ftnngth  for  Mch  tatt  apaciaan  at  aaeh  taat 
condition  ia  ^oan  in  Table  XIII.  The  aean  tenaile  atrenfth  for  each  aulfur 
concentration  and  for  each  aalt  concentration  ia  alao  ahown. 


TABUS  XIII 

UUDttTE  TBPIIZ  STHHIGTH  OF  mCOKEL  713C 


Ultiaate  Tenaile  Strength.  Ib/in.^  X  10*3 


Sttlfor  in 

Sea  Salt  in  Air 

psm 

:.nlfttr 

Rnel.  Wt. 

1 

0.0 

1.50 

15,0 

Mean 

0.0002 

117 

112 

122 

120 

121 

102 

128 

126 

120 

119 

131 

123 

120.1 

O.OAO 

123 

121 

110 

126 

120 

99 

123 

123 

117 

113 

125 

317 

118.1 

0.40 

131 

123 

m 

138 

119 

129 

129 

115 

108 

129 

lU 

107 

121.3 

Sea  Salt 

Mean 

124.7 

120.8 

114.0 

An  analjraiB 

of  variance  of  theae  data 

ia  ahoini  in  Table  XH. 

TABLE  Xn 

Amusis  or  tariakce  or  ultimate  tbisilb  STHBKrro  or  pcoittL  7i3c 


r^eareea  of 

Sun  of 

Naan 

Sooree  of  fariation 

Fteedon 

SQuarea 

Square 

r 

Total 

35 

2437.000 

Sulfur 

2 

64.500 

32.250 

0.39 

Sea  Salt 

2 

700.667 

350.333 

k,n* 

Sulfur  X  Sea  Salt 

4 

367.333 

91.833 

1.12 

Error  (a) 

9 

738.500 

82.056 

fV>aition 

1 

2.778 

2.778 

0.08 

Sulfur  X  Roaition 

2 

49.389 

24.694 

0.68 

Sea  Salt  x  ^altlon 

2 

69.889 

34.9U 

0.97 

Sulfur  j  Sea  Salt  x 
waitiM 

Error  (b) 

4 

118.4U 

29.611 

0.82 

9 

325.500 

36.167 
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The  preceding  analjsie  ahowe  that  the  effect  of  tea  aalt  is 
•ignlfieant  ehile  all  other  effeeta  and  interacticme  are  not  significant. 
Proa  error  (a)  aaan  aqnare  a  l^D  for  aeana  of  12  ralaea  was  calculated  to 
be  6.4  (6400  Ib/in.^).  An  amudnation  of  the  aea  aalt  awana  in  Table  XIII 
ahowa  t^t  the  only  difference  idiich  eveeeda  8.4  ia  for  an  increaae  in  aea 
aalt  coneentretioo  froa  0  to  13.0  pea.  Thla  ia  a  algniflcant  decreaae  in 
ultiaate  tenaile  atrength  of  10,700  Ib/in.^.  A  a«ar7  of  ultlaate  tenalle 
atrength  for  each  teat  condition  ia  ahoan  in  Table  XY. 


TABUS  XV 

smam  of  ultimate  tpsiix  strehgth  of  diooiiel  733c 


Sulfur  in 


^^*X*T*^*  Tenalle  Strength,  l^ ^tn.^  X  ICT*^ 

Sea  Salt  in  Air,  ^ca _ 

0.0  1.5C 


15.0 


0.0002 

0.040 

0.40 


121.0 

121.2 

131.8 


122.5 

122.2 

i7.8 


U6.8 

110.8 

IU.5 


The  effect  of  cathodic  cleaning  on  tenalle  atrength  of  Inconel  7I3C 
ia  ahoun  in  Table  XVI.  Theae  data  were  obtained  at  the  eaae  tlae  aa  data  on 
the  teat  apeciaena  and  were  Included  to  confira  the  fact  that  thia  cleaning 
procednrc  did  ;iot  affect  the  propertiea  of  the  r  etal  apeciaena  and  to  obtain 
a  baae  line  <m  new  natal  for  coaparlaon  with  aavolea  after  teat. 


TABUS  XVI 

SFYECt  OP  CUSASIWG  OW  UUDUTE  THCIUS  STREKGffl  OP  IKCCWEL  713C 


Ultiaate  Tenalle  Strength.  Ib/ln.^  X  10^3 


Ho  (Heanina 

Cleaned 

112 

133 

123 

122 

105 

124 

124 

13c 

Naan  116.0 

127.2 

Oeerall  Mean 

121  _ 

Analraia  of  Variance 

Oegreea  of 

Sub  of 

Mean 

Scarce  of  Variation 

PreedoB 

Scuarea 

Total 

7 

581.875 

Cleaning 

1 

253.125 

253.125 

Error 

6 

328.750 

54.792 
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These  dstA  show  that  cathodic  cleaning  had  no  significant  effect  on  ultiaate 
tensile  strength  of  Inconel  713C.  The  ultimate  tensile  strength  of  new  metal 
was  121,600  Ib/ir..^.  The  L£D  for  comparing  the  mean  of  8  new  test  specimens 
with  the  mean  of  12  test  specimens  for  a  given  sea  salt  or  ralfur  concentration  is 
8.7(8,700  lb/ln.2).  With  this  I5D  a  swan  for  a  sea  salt  or  sulfur, concentration 
c.  over  130.3  (130,300  lb/in.2)  or  les^  than  112.9  (U2,9C)0  Ib/in.'^)  would  be 
significantly  different  than  the  new  metal .  None  of  the  means  in  Table  XIII 
is  cignifieant. 

3.  Per  Cent  Elongation 

The  per  cent  elongation  for  each  test  specimen  at  each  test  condition 
is  shown  in  Table  XVII.  The  mean  elongaticm  for  each  sulfur  concentration  and 
for  each  sea  salt  concentration  is  also  shown. 


TABLE  ini 

PER  GEWT  EIOitGATION  OF  INCONEL  713C 


Per  Cent  Elcnaatlon 


Sulfur  in 

Sea  Salt  in  Air.  ons 

Sulfur 

Fuel.  Wt.  % 

0.0 

1.50 

15.0 

Mean 

0.0002 

7.07 

6.85 

6.39 

8.20 

8.44 

4.78 

7.86 

13.00 

5.24 

5.70 

11.40 

5.92 

7.57 

0.040 

6.72 

7.64 

5.59 

6,95 

6.61 

6.84 

7.06 

7.30 

3.88 

5.70 

8.55 

3.88 

6.3^ 

0.40 

8.77 

5.13 

5.92 

10.24 

6.61 

4.22 

9.35 

5.48 

5.70 

8.90 

5.47 

3.65 

6.62 

Sea  Salt 

Kear. 

^  *73 

»  e  f  4 

7.71 

5.17 

The  a.nal7sls  of  variance  of  these  data  is  ^cwn  in  Table  XVIII. 
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tabu:  XVIII 

ANALTSIS  OF  VARIAMCE  OF  FEE  CENT  ELONGATION  OF  INCONEL  713C 


Degrees  of 


Somxe  of  Variation  Freedoet 


Total  35 

Sulfur  2 

Sea  Salt  2 

Sulfur  X  Sea  Salt  4 

Error  (a) _ 2. 

Porition  1 

Sulfur  X  Position  2 

Sea  Salt  x  Position  2 

Sulfur  X  Sea  Salt  x 
Position  4 

Error  9 


Sub  of 

Itean 

Squares 

Square 

_ F _ 

U9.385 

9.368 

4.684 

1.49 

51.647 

25.823 

8.23* 

44.226 

11.056 

3.52 

_  28.23i  .  _ 

0.232 

0.232 

0.20 

0.233 

0.117 

0.10 

1.092 

0.546 

0.47 

3.962 

0.990 

0.86 

10.391 

1.154 

The  only  significant  efiect  shown  for  the  abov^  data  is  for  sea  salt.  Using 
error  (a)  aean  square  the  ISD  for  r’sans  of  12  values  ^as  calculated  to  be 
1.64  per  cent  elongation.  An  exasdnation  of  saa  salt  .aears  in  Table  XV JI  shows 
no  difference  in  elongation  for  O.C  and  1.50  ppm  sea  salt;  howeve* I5.O  ppm 
sea  salt  gave  significantly  less  elongation  (2.54  per  cent)  than  ej.ther  0.0  or 
1.50  ppm  sea  salt.  A  suseiary  -^f  p)er  cent  elongation  for  each  test  condition 
is  shown  in  Table  XIX. 


SUWCART  OF 

TABLE  Xn 

PER  CENT  ELONGATION 

FOR  INCONEI  713C 

Per  Cent  Elongation 

Sulfur  in 

Sea  Salt  in  Air.  ppm 

Fuel.  Wt.  % 

0.0 

1.50 

15.U 

0.0002 

7.21 

9.92 

5.53 

0.040 

6.61 

7.52 

5.05 

0.40 

9.32 

5.67 

4.87 

The  effect  of  cathodic  cleaning  on  per  cent  elongation  of  Inc'^nel  713C  is 
shown  in  Table  XX. 
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TilBLE  U 

EFTECT  OF  CUUWING  OR  PER  CEHT  ELOWGATIOli  OF  IMCOilEL  713  C 


Per  Cent  Elongation 


No  Cleaning 

Cleaned 

6.84 

7.64 

6.43 

7.52 

4.56 

12.00 

9.91 

7.98 

6.94 

8.78 

Overall  Mean  7.86 


Analveis  of  Yarianct 


Source  of  Variation 

Degrees  of  Freedom 

Sum  of  Sauares 

Mean  Snuare 

Total 

7 

35.496 

Cleanlzig 

1 

6.845 

6.845 

Error 

6 

28.651 

4.775 

No  signifieant  effect  was  found  for  cathodic  cleaning  on  per  cent  elongation  of 
Inconel  713C.  The  per  cent  elongation  of  the  new  test  fipeciBens  was  fonnd  to 
be  7.86  per  cent.  The  1£D  for  co^>aring  the  aean  of  8  new  test  specimens  with 
the  swan  of  12  test  speclii.ens  for  a  given  sea  salt  or  sulfur  concentration  is 
2.39  per  cent  elongation.  With  this  LSD  a  nean  for  a  sea  salt  or  sulfur  eoncer 
tration  of  less  than  5.47  would  be  significant.  At  15.0  ppn  sea  salt  an 
elongation  of  5.17  per  cent  was  significantly  lower  than  the  new  metal. 

4.  Ultimate  Load 


The  ultimate  load  for  each  test  specimen  at  each  test  condition  is 
shown  in  Table  XII.  The  mean  ultimate  load  for  each  sulfur  concentration  and 
for  each  sea  salt  concentration  is  also  shown. 
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TABUE  XXI 


ULTIMATE  LOAD  OF  INCOIIEL  713  C 

Ultimate  Load .  lb 

1 

‘  1 

Salfar  in 

Sea  Salt  in  Air. 

Sulfur 

Tuel.  Wt.  % 

0.0 

If  50 

IJ.O 

Mean 

0.0002 

1.780 

1.820 

1.730 

2.020 

1.900 

1.520 

2.060 

1.970 

1.630 

1.920 

2.210 

1.760 

1.860 

0.040 

1.890 

1.820 

1.780 

1.940 

1.830 

1.830 

1.810 

2.070 

1.420 

1.770 

1.900 

1.310 

1.781 

0.40 

2.000 

1.840 

1.840 

2.230 

1.810 

1.320 

1.930 

1.740 

1.470 

2.090 

1.770 

1.130 

1.764 

Sea  Salt 

Itean 

1.953 

1.890 

1.562 

An  analysis  of  variance  of  the  ultimate  load  data  is  shcsm  in  Table  XXII. 

TABLE  XXII 


ANALISIS  OF  VARIANCE  OF  ULTIMATE  LOAD  OF  INCOMEL  713  C 


Source  of  Variation 

Degrees  of 
Freedom 

Sum  of 
Squares 

Mean 

Square 

F 

Total 

Sulfur 

Sea  Salt 

Sulfur  X  3es  Salt 
Error  (a) 

35 

2 

2 

4 

9 

2.0725 
0.0629 
1.0609 
0.1956 
.  0,3950 

0.0314 
0.5304 
0.0489 
0.0439 _ 

0.716 

12.085* 

1.114 

Position 

1 

0.0032 

0.0032 

0.294 

Sulfur  X  '’os  it  ion 

2 

0,0285 

0.0142 

1.307 

Sea  Sal'*  x  osition 

2 

0.1031 

0.0515 

4.728* 

Sulfur  X  jsa  Salt  x  bi^ticn  4 

0.1251 

0.0313 

2.870 

Error  (o) 

9 

0.0982 

0.0109 

The  only  significant  main  effect  shoim  for  the  above  data  is  for  sea  salt.  The 
sea  salt  x  Txjsition  sub-plot  interaction  is  also  significant.  The  significance 
of  the  sea  salt  *  position  interaction  in  the  sub-plot  analysis  was  disregarded 
since  there  was  no  logical  basis  on  which  to  explain  its  occurrence.  Also, 
based  on  the  analysis  of  the  other  variables  and  the  feeling  of  the  researchers 
Involved,  it  was  disregarded.  Using  error  (a)  ine*’^  square  the  LSD  for  means 
of  12  values  was  calculated  to  be  0.193  (193  It).  lomparing  the  mean  ultimate 
loads  for  sea  salt  in  Table  XXI  it  can  be  seen  tnat,  the  mean  ultimate  load  for 
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15«0  pjn  SM  salt  of  1.562  (156;  lb)  *.s  significantly  lass  than  for  0.0  or 
1.50  ppn  ssa  salt;  hoirsvsr,  ths  dlffsrsnes  between  0.0  and  1.50  ppst  sea  salt 
is  not  significant.  Table  XXIII  is  a  smnary  of  the  ultimate  loiui  for  each 
test  condition. 


TABLE  XHII 


Sulfur  in 
Fuel.  Wt.  % 

0.0002 

0.040 

0.40 


SUMKART  OF  ULTIMATE  LOAD  FOR  INCONEL  713  C 

_ Ultimate  Load,  lb  lO'"^ 

_ Sea  Salt  in  Air,  ptm 


-0»0  -1.-^  15.0 

1.945  1.975  1.660 
1.852  1.905  1.585 
2.062  1.790  1.440 


The  effect  of  cleaning  on  ultimate  load  of  Inconel  713  C  is  shown 
in  Table  XHV. 


TABLE  XXIV 


EFFECT  OF  CLEANING  OM  ULTIMATE  LOAD  OF  DJCONEL  713  C 
UltlJBate  Load .  lb  '{  10~;^ 

No  Cleaning  Cleaned 


1.755 

2.030 

2.010 

1.820 

1.570 

1.910 

1.920 

2.020 

Mean  1.814  1.945 

Overall  Mean  1.879 


Analysis  of  Variance 


Source  of  Variation 

Degrees  of 
Freedom 

Sum  of 

Sauares 

Mean 

Souare 

Total 

7 

0.1768 

Cleaning 

1 

0.0344 

0.0344 

Error 

6 

0.1424 

0.0237 

No  significant  effect  was  found  for  cathodic  cleaning  on  ultimate  load  of 
Inconel  713  C.  The  ultimate  load  for  the  now  test  specimens  was  1.879  (1879 
lb). 


Thi  LSD  for  comparing  the  mean  of  8  new  test  specimens  with  the 
moan  of  12  test,  specimens  for  a  given  sea  salt  or  sulfur  concentration  is 
0.191  (19j  lb).  With  ^his  LSD  a  mean  for  a  sea  salt  or  sulfur  concentration 
of  over  2.070  (207(  lb)  r  less  than  ? (1688  lb)  ;ould  be  significantly 
different  than  the  new  m  tal.  In  Table  XXI  the  mean  I’oi  15.0  ppn  sea  salt  of 
1.562  (156;  lb)  la  lower  than  the  mean  ibr  the  new  metal. 
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C.  Si»rr>  littaa  200  §X  2000  T  Tiit  Coaditlong. 

1.  WrijfetLoff 

Th«  might  loss  ohtsinsd  for  ssoh  Sisrrs  200  tost  speciasn  st  each 
test  ocudltlon  is  shown  in  Table  XXT. 


TABLg  m 

WIHHIT  LOSS  (»)  OF  3ISRRA  200 


Sulfur  in 

_ Sea  Salt  in  Air,  pm _ 

TvA.  Wt.  * 

0.0 

1.50 

15.0 

0.Cv02 

106.1 

1710.1 

4045.4 

245.4 

2571.2 

3722.6 

95.5 

1551.8 

4084.7 

82.5 

1527.9 

4827.1 

0.040 

1081.6 

465.6 

2092.3 

483.7 

436.1 

3038.7 

836.2 

517.9 

1347.7 

331.3 

527.8 

2704.7 

0.40 

164.7 

UO5.3 

1173.5 

89.0 

194.9 

96.5.2 

318.3 

283.0 

154.2 

60.4 

70.9 

.''35.0 

An  analjBls  of  variance  of  logarithms  of  weight  loss  is 

shown  in  Table  X3CVI. 

AMALT3I3  OF  VARIAHCE  OF  UWARITHWS  OF  WEGHT  LOSS  (MK)  FOR  SIERRA  200 


Source  of  Variation 

Degress  of 
Froedoii 

Sui  of 
Squares 

Mean 

Sofuare 

F 

Tota 

Sulfur 

Sea  Salt 

Sulfur  z  Sea  Salt 

Error  (a) 

35 

2 

2 

4 

9 

11.8215 

2.9522 

5.0154 

2.0199 

0,9784 

1.4761 

2.5077 

0.5050 

0.1087 

13.58  (1) 

23.07  (1) 
4.64* 

Position 

1 

0.0732 

0.0732 

7.60  (1) 

Sulfur  z  Poi^ition 

2 

0.2333 

0.1166 

12.11  (1) 

Sea  Salt  z  Posltior 

2 

0.1641 

0.0820 

8.52  (1) 

Sulfur  oea  Salt  z  Position 

4 

0.2984 

0.0746 

7.75* 

Error  (b) 

9 

0.0867 

0.0096 

(1)  With  a  signif leant  Interaction,  the  test  of  main  effects  is  vitiated. 
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Th«  sulfur  z  sat  salt  intaraotlon  is  significant  and  conparlscms  of  sulfur  or 
ssa  salt  can  only  bs  aads  with  the  Ist^I  of  the  other  factor  specified.  The 
significance  of  the  sulfur  z  sea  salt  z  position  interaction  in  the  sub-plot 
analysis  was  disregarded  since  there  was  no  logical  basis  on  which  to  ezplaln 
its  occurrence.  The  nean  square  for  this  interaction  is  less  than  the  naln 
plot  error  (a)  aean  square. 

The  geoBMtric  aean  and  confidence  Halts  of  weight  loss  for  each  test 
condition  are  shown  in  Table  XZVII. 

TABLE  mil 

SmtIART  OF  METAL  WEIGHT  LOSS  OF  SIERRA  200 


OeoBwtric  Means,  aa. 


Sulfur  in 

Sea  Salt  in  Air. 

nsa 

Fuel.Vt.  i 

0.0 

1.50 

15.0 

0.0002 

50.7  ^  120  ^  282 

762  -  1790  -  4240 

1760  ^  4150  -  9790 

o.ouo 

262  5  617  ^  1470 

207  -  485  -  1150 

930  ^  2190  ^  5280 

o.uo 

42.8  ^  101  -  238 

108  -  256  ^  603 

191  -  450  ^ 1060 

lower  confidence  limit  ^ 

geoaetric  mean  -  upper  confidence  limit 

All  possible  coaparisons  of  ratios  of  wel^t  losses  for  sulfur  concentrations 
with  fized  sea  salt  ecneentratioas  and  ratios  of  veii^t  losses  for  sea  salt 
concentrations  with  fized  sulfur  ccmcentratlons  are  shown  in  Table  XXVIII. 

TABUS  xxnii 

CCTffARISOW  OF  RATIOS  OF  WEIGHT  LOSS  FOR  CHANGE  IH  OWE  VARIABLE  WITH  OTHER  PIIKD 

FOR  SURRA  200 


Sea  Salt 

Coanarison  of  Sulfur  Concentrations 

in  Air.DDa 

0.0002/0.040  (1) 

0.040/0.40  CD 

0.0002/0.40  (1) 

0.0 

0.06  ^  0.19  ^  0.65  (2) 

1.81  6.11  20.6* 

0.35^  1.19  ^3.99 

1.50 

1.09  ^3.69  ^12.5* 

0.56  ^  1.89  ^-6.39 

2.09  ^6.99  ^  23.7* 

15.0 

0.56  ^  1.89-6.37 

1.46  ^-4.87  -  16.4* 

2.74  ^“9.22-^  31.0* 

Sulfur  in 

Ccaiaris<»  of  Sea  Salt  Concentrations 

ru9l.Wt,i 

1.50/0*0  Cl) 

15*0/1.50  (1) 

15.0/0.0  (1) 

0.0002 

4.46  ^  U.9  ^  50.6* 

0.69  ^  2.32  7.78 

10.3  -  34.6  ^  117* 

0.040 

0.23  -  0.79  ^  2.65 

1.34^4.52^15.2* 

1.06  -  3.55  ^  12.0* 

0.40 

0.75  ^  2.53  8.52 

0.52  ^-1.76  ^  5.93 

1.32  4.46  ^15.0* 

(1)  Ratio  of  geoawtric  aean  weirM  losses  at  concentrations  indicated. 

(2)  Inverse  ratio  signif leant. 

lower  ccmfidence  Unit  -  ratio  of  mean  -  upper  confidence  limit 
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The  foUoMlng  eonelnsiona  can  b«  drawn  fren  these  data. 

(1)  At  0.0  pt»  sea  salt.  Increasing  fuel  sulfur  froa  0.0002 

to  0.04  par  cent  increases  Mtal  weight  loss  while  Increasing 
fuel  sulfor  froa  0.040  to  0.40  per  cent  decreases  aetal 
wei^  loss. 

(2)  At  1.50  pm  sea  salt,  fuel  sulfur  concentrations  of  0.040 
or  0.40  per  cent  cause  less  netal  wei^t  loss  than  0.0002 
per  cent  sulfur. 

(3)  At  15.0  pca  sea  salt,  fuel  sulfur  concentration  of  0.40  per 
cent  causes  less  aetal  wei^t  loss  than  0.0002  or  O.O4O  per 
cent  sulfur. 

(4)  Increasing  sulfur  concentratlw  shewed  a  significant  decrease 
in  astal  wel^t  loss  or  was  directionally  lower  in  weight  loss 
in  the  case  of  n<m>signifieanee  except  for  a  significant 
increase  in  weight  loss  with  an  increase  in  sulfur  froa 
0.0002  to  0.040  per  cent  at  0.0  ppa  sea  salt. 

(5)  At  0.0002  per  cent  sulfur,  increasing  sea  salt  concentration 
froa  0.0  to  either  I.50  or  I5.O  ppa  increased  aetal  weight 
lose. 

(6)  At  0,040  per  cent  sulfur,  increasing  sea  salt  concentration 
froa  0.0  to  15.0  or  I.50  to  15.O  ppa  increased  aetal  irei^t 
loss. 

(7)  At  0.40  per  cent  sulfor.  increasing  sea  salt  concentration 
froa  0.0  to  15.0  ppa  increased  aetal  weight  loss. 

(8)  Increasing  sea  salt  concentration  showed  a  significant  In¬ 
crease  in  aetal  weight  loes  or  was  directionally  higher  in 
the  eases  of  non- significance  except  for  a  non-significant 
decrease  for  a  change  froa  0.0  to  1.50  ppa  sea  salt  at  0.040 
per  cent  sulfur. 


2.  Ultlaate  Tensile  Strength 

The  ultlaate  tensile  strength  for  each  test  speciaen  at  each  test 
condition  is  shown  in  Table  XXIX. 
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TABLE  XXII 


ULTIMATE  TBISILE  STRBIGTH  OF  SIERRA  200 


0.0002 

123 

106 

55  (c) 

124 

103  (c) 

91 

123 

122 

95 

126 

111  (c) 

71 

0.040 

U5 

111 

78  (c) 

U8 

lU 

U  (c) 

96 

102 

76 

115 

118 

69  (c) 

0.40 

113 

104 

84  (c) 

103 

108 

111 

118 

120 

118 

102 

102 

111 

(c)  ExuBlnatlon  of  th«  hrmk  Indlcatod  a  crack  in  tha  last  spaciman. 

Tha  nunbar  of  last  apaciwaia  that  an  awml nation  of  tha  braak  Indicatad  to  hara 
baan  crackad  nay  affact  tha  analyais  of  tha  oltinata  tanaila  strength,  par  cant 
alongation  and  ultinata  load  data.  As  nantionad  aarllar  thasa  tast  spaclaans 
vara  fraa  of  cracks  prior  to  tast.  It  maj  ba  obsarrad  that  of  tha  savan 
spaciaens  showing  a  crack  fira  vara  frea  tasts  vlth  15.0  ppa  saa  salt,  two 
with  1.50  ppn  saa  salt  and  nona  with  0.0  ppi  saa  salt. 

An  analysis  of  varianca  of  tha  ultiaata  tansila  strength  data  i? 
shewn  in  Table  XXX. 


TABUS  XXX 

ANALYSIS  OP  VARIANCE  OF  ULTIMATE  TENSILE  STRWCTH  OP  SIERRA  20C 


Sonrea  of  Variation 

Total 

Sulfur 

Saa  Salt 

Sulfur  X  Saa  Salt 

Error  (a) _ 

Position 

Sulfu’  X  ^^sltion 
Saa  Salt  x  Positicai 
Sulfur  X  Saa  Salt  x  r^osition 
Error  U) 


Dagraas  of 

Sta  of 

Itoan 

Fraadon 

35 

Souaras 

18459.889 

SflHirf 

f 

2 

1264.889 

632.4U 

4.09 

2 

7959.389 

3979.694 

25. *^2  (1) 

4 

3710.  U1 

927.528 

6,28* 

m2J0L 

64.000 

U.667 

69.500 

1700.333 

2254.500 


64.000 

22.333 

34.750 

425.063 

250.500 


0.25 

^.09 

0.14 

].'»C 


(1)  With  a  significant  interaction,  tha  tast  of  aain  affects  is  Tltiatad. 
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Th«  aboTi  anaijrala  •ham  a  signlflomnt  aulfor  x  am  aalt  Intaraotlon  and 
ooBparlacna  of  aain  affaeta  mat  ba  aada  with  tha  laral  of  ona  rarlabla 
•paeifiad.  Tha  affaet  of  poaltlon  and  tha  poaltioo  Intaraetioiui  ara  not 
•Ignifloant.  A  atanaxy  of  ultiaata  tmaila  atrangth  for  aaeh  taat  coodltlon 
la  ahom  in  Tabla  zm. 


m£jm 

samksi  or  ultpute  manz  mmm  or  sierra  200 

Waan  Pltlmta  TmaUa  Straiurth-  Ib/ln.^  10"^ 


Sulfur  in 

Saa  Salt  in  Air.  non 

Fuel.  Vt.  % 

0.0 

ItSO, 

15.0 

0.0002 

124.0 

110.5 

78.0 

0.040 

m.o 

U1.2 

59.2 

0.40 

109.0 

ioe.5 

106.0 

?roB  arror  (a)  maiL  •<{Qara  tha  LSD  for  aaana  of  U  ralnaa  ms  calculatad  to  be 
19*90  (19^900  With  thia  LSD  tha  foUoiring  conclualona  can  be  drawn  on 

nlthaata  tanaila  atrangth  of  Sierra  200. 

(1)  At  0*0  and  1,50  poa  aaa  aalt.  an  Increase  In  sulfur  concentra¬ 
tion  nada  no  significant  change. 

(2)  iV..UtQ.Jai  tfa  foal  concentrations  of  0.0002  and  O.OAO 

par  eant  sulfor  ham  lower  ultlnata  tensile  strengths  than  for 
0.40  par  eant  sulfor. 

(3)  At  0.0002  and  0.040  oar  cant  salt  concentration  of 

15*0  pps  aaa  salt  has  a  slgnifieantly  lower  tensile  strength 
than  for  0.0  or  1.50  ppa  saa  salt. 

(4)  At  0.40  par  cant  sulfur,  changes  In  saa  salt  e<meaotratlon 
ham  no  significant  affaet  on  tanalle  strength. 

Tha  affect  of  cathodic  cleaning  on  oltiaata  tons  11a  strength  of 
Sierra  200  is  shown  la  Table  XXZII. 
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TABLE  mTT 

ITFICT  OF  CUUMOG  (M  ULTIMATE  TMSm  STHBWTH  OF  SURRA  200 


?1\4***^  T€p«11«  StfMth.  Ib/ln.^  I  10*^ 


Ro  Claanlnt 

Claanad 

137 

uo 

138 

uo 

U3 

123 

130 

137 

Naan  137.0 

135.0 

Orarall  Naan 

136.0 

Analraia  of  Yarianea 

Dagraaa  of 

Sob  of 

Nau 

Soofva  of  Yariation 

fraadoi 

Souaraa 

Sqxuura 

Total 

7 

292.00 

Claanlng 

1 

8.00 

8.00 

Error 

6 

284.00 

47.33 

Th«M  dat«  A<m  that  cathodic  claaning  had  no  algplilcant  affaet 
on  ultlaata  tanalla  atraogth  of  Slarra  200.  Th«  oltiaata  tantlla  ctrangth 
of  tha  naw  aatal  aaa  136,000  Ib/in.^  Tba  LSD  for  coaiiaring  tha  aaan  of  8 
naw  taat  apaclaana  with  tha  aaan  of  4  taat  apaciaana  at  a  giran  taat  condition 
ia  15.3  (15,300  Ib/in.^).  With  thia  LSD  any  aaan  in  Tabla  mi  laaa  than 
120.7  (120,700  Ib/in.^)  ia  significantly  Icwar  than  tha  naw  aatal.  With 
0.0  aaa  salt  at  0.0002  par  cant  aulf^  tha  tanaila  strangth  ia  unchangad 
froa  tha  naw  aatal  whila  ail  othar  oparating  conditiona  raaultad  in  a  loaa 
in  tanaila  atrangth. 

3.  Par  Cant  Klonaation 

Tha  par  cant  alongation  for  aaeh  taat  apaciaan  at  aach  teat  con¬ 
dition  ia  shown  in  Tabla  mill.  Tha  aaan  alongation  for  aach  tulfUr  concan- 
tration  and  for  aach  aaa  aalt  concantration  ia  alao  shown. 
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TABU  mi  n 


Sulfur  in 

FIR  C»T  SLOiQATIOR  OP  SIERRA  200 

_ Par  Cact  Elongation _ 

Sulfur 

Sat  Salt  la  Air.  m 

9f0 

JLiio. 

Wstn 

0.0002 

15.0 

9.0 

8.0  (c) 

16.0 

10.0  (c) 

13.0 

16.0 

17.0 

7.0 

20.0 

13.0  (c) 

8.0 

12.7 

O.C^ 

13.0 

U.O 

9.0  (c) 

15.0 

18.0 

4.0  (c) 

15.0 

16.0 

9.0 

17.0 

U.O 

7.0  (c) 

12.3 

0.40 

12.0 

12.0 

10.0  (c) 

u.o 

U.O 

10.0 

19.0 

16.0 

13.0 

U.O 

17.0 

U.O 

13.8 

Saa  Salt 

Naan 

15.5 

13.9 

9.3 

(e)  Rwlnatlop  of  br«ak  indieatod  •  er«ck  in  tho  tost  spoclstti. 


An  maljola  of  ▼nrltnoo  of  th«  olon^tion  dntn  is  shewn  in  Tsbls  XUIV. 


TABU  IIP? 

aALTSIS  Of  YARIAJICg  OT  PER  CBIT  KLOIIGAnOW  Of  SISRnA  20C 


Scuraa  uf  TarUtion 

Oagraaa  of 
Pra*lap 

Sub  of 

Squaras 

494.750 

13.167 
246.167 

54.167 
88.750 

Pfaan 

Sguara 

P 

Total 

Sulfur 

Sat  Salt 

Sulfur  X  Saa  Sal. 
trror  (a)  _ 

35 

t 

2 

4 

9 

6.583 

123.063 

13.542 

9.861 

0.666 

12.432* 

1.373 

Poaitlon 

1 

3.361 

3t3^r“ 

0.222 

Sulfur  X  P'aitior 

2 

2.389 

1.194 

C.C70 

Saa  Salt  x  Poaitlon 

2 

1.722 

0.861 

0.057 

Sulfur  X  Saa  Z»lt  x  Poaitlon 

i 

9.319 

0.6U 

Error  (b) 

9 

136.500 

15.16*? 

Tbo  onlj  slpiif  vonnt  sffoct  indientod  bj  ths  sber*  «n4ljrsl9  in  for  an*  salt. 
Qslni  srror  (a;  Mac  sqoars  ths  IBD  for  Mans  of  12  raloas  was  ealculatad  to 
bo  2.90  par  .mt  aloncation.  Diraetlonally  an  inersasa  in  saa  salt  concas- 
tratioa  dacraaaad  par  cant  aioagation  and  15.0  ppa  saa  salt  had  significant}^' 
laas  par  oant  alflOfatioc  than  O.C  or  1.50  pjm  saa  salt.  In  Tabla  OT7  a 
SMaaT7  is  shoan  of  par  oant  aleaigation  for  aaeh  tast  condition. 
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TABUS  mv 

SmWART  or  PgR  CUfT  ELOBGATIOW  FOR  SIERRA  200 
_ Ptr  C«ot  Elongation 


Sulfur  in 

Sslt  in  Air.  m 

ro»l,  Wt,.  J( 

0.0 

1.50 

15.0 

0.0002 

16.75 

12.25 

9.00 

0.040 

15.00 

U.75 

7.25 

0.4c 

U.75 

U.75 

11.75 

Th«  •ff«et  of  eathcdle  eleaniag  od  p«r  e«Rt  elc^igatlan  of  Siam  200  is  shown 
in  Tsbls  nm. 


TABLE  um 


EFFBCT  OP  CLEAMDIG  OW  PER  CBff  ELOWaATiqi  (g  SITOA  200 


Psr  Csnt  Slomtstion 


Wo  CXstnlitf  CXstntd 

17.0  17.0 

16.0  18.0 

18.0  U.C 

18.0  19.0 

Msan  17.2  17.0 

OTsrsU  Mssn  17.1 

Anslrsls  of  Vsrisacs 

Osgrsss  of  Sw  of 

Soiarcs  of  Variation  Frssdoa  Sonsrss 


Hesn 

Sqnsrs 


Tot%I 


7  16.875 


r 


Clssnlng 


1  G.125  0.125 


C.045 


Error 


6  16.',  5C  2.792 


No  significsnt  offset  ytma  frxsid  for  csthodic  elssning  on  psr  esnt  slongstlon 
of  Sisrrs  200.  Ths  psr  esnt  slongsti<m  of  ths  nsw  nstsl  wss  focswi  tc  le 
17.1  psr  esnt.  Ths  LSD  for  cowpsring  ths  ftssn  of  8  nsw  tsst  spseinsos  with 
ths  BMsn  of  k  tsst  spscissns  st  s  givsn  tsst  condition  is  8.83  psr  esnt.  With 
this  I^D  sTdr  nssn  In  Tsbls  HIT  1ms  than  13.27  psr  esnt  is  sig^fiesntlj  lowsr 
thsn  ths  nsw  swtsl.  Ths  psr  esnt  slongstion  for  1.5C  ppn  sss  sslt  si  0.0002 
psr  esnt  sulfur  is  signiflcsntljr  jowsr  thsn  ths  nsw  sstsl  snd  st  15. CO  pfB  sss 
sslt  st  sU  thrss  sulfur  corcsntrst.ofts  slongstic^)  is  wuch  lowsr  than  for  nsw 
wstal . 


4.  Ultisists  losd 

Ths  ultijssts  losd  for  osch  tsst  spsclssn  st  sseh  tsst  ccnditicn  I9 
shcMi  In  Tsbls  HTTII, 
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TABLE  niVXI 

ULTIMATE  LOAD  OF  SIERRA  200 


Ultia^te  Lq^  ,  XI?  :  10"^ 


Sulfur  in 

Sea  Salt  in  Air. 

pwa 

Fuel.  Wt.  % 

0.0 

1.50 

15.0 

0.0002 

1.320 

1.320 

0.284  (c) 

1.820 

0.98C  (c) 

0.750 

1.750 

1.615 

0.500 

1.890 

1.355  (c) 

0.400 

0.040 

1.4b0 

1.570 

0.780  (c) 

1.660 

1.570 

0.116  (c) 

1.320 

1.505 

0.900 

1.730 

1.700 

0.625  (c) 

0.40 

1.645 

1.165 

1.180  (c) 

1.550 

1.590 

1.500 

1.750 

1.785 

1.725 

1.  ' 

1.505 

1.645 

(0)  j^xami nation  of  the  break  indicate!  a 

1  crack  in  the  test  specimen. 

An  analysis  of  variance  of  the 

oltiisate  load  data  is 

shoim  in 

Table  mVIII. 

TABI£  Xmill 

AKALTSIS  OF  VARIAHCE  OF  ULTIMATE  LOAD  OF  SIERRA  200 

Degrees  of 

Sm  of 

Mean 

Source  of  Variation 

Freedom 

Squares 

Square 

F 

Total 

35 

8.1948 

Sulfur 

2 

0.8427 

0.4214 

9.23  (1) 

Sea  Salt. 

2 

4.1319 

2.0660 

45.25  (1) 

Sulfur  z  Sea  Salt 

4 

2.0034 

O.5OO8 

10.97* 

Error  (a) 

9 

Position 

1 

0.016 

Sulfur  X  Position 

2 

0.0023 

0.0011 

0.032 

Sea  Salt  z  Position 

< 

0.0312 

0.0156 

0.449 

Sulfur  X  3-  A  Salt  x  Position 

4 

0.4595 

0.1149 

3.311 

Brr<  r  (b) 

9 

0.3122 

0.0347 

(1)  With  a  significant  interaction,  the  test  of  main  effects  is  vitiated. 

Th«  stilfur  r  sm  salt  interaction  is  significant  and  conparison  of 
sulfur  or  sea  salt  must  bs  mads  with  ths  other  variable  fixed.  A  sTasnarj  of 
ultimate  load  data  is  shown  in  Table  XXXIX. 
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TABLE  mu 

SiattARY  Of  ULTDUTg  LOAD  OF  SIERRA  200 

_ Mta  UltljMte  Load  lb  X  10~^ 


Sulfur  in 

Sea  Salt  in  Air.  tan 

Fuel.  Wt.  % 

0.0 

1.50 

15.0 

0.0002 

1.820 

1.318 

0.484 

0.040 

1.542 

1.536 

0.605 

0.40 

1.622 

1.511 

1.512 

From  arror  (a)  cl  Tabla  ZUVni  tha  LSD  for  aaans  of  4  datamiiuiticaui  at  a 
giraQ  sat  of  oondltlona  naa  oaleolatad  to  ba  0.342  It).  With  this  LSD 
tha  following  oaneltuians  can  ba  drawn  froa  Ttbla  XXZIZ, 

(1)  At  0.0  and  1.50  POtt  aaa  salt,  ineraasing  anlfnr  contant  eausad  no  sig¬ 
nificant  change  in  cdtlaata  load. 

(2)  At  15.0  pm  aaa  salt,  nltiaata  load  was  lass  at  0.0002  or  0.040  par 
cent  sulfur  than  at  0.40  par  cent  sulfur. 

(3)  At  0.0002  par  cant  sulfur  increasing  sea  salt  from  0.0  to  1.50  pp« 
dacraasad  ultinata  load  and  increasing  sea  salt  from  1.50  to  15*0 
ppe  dacraasad  ultinata  load. 

(4)  At  0.040  par  cent  sulfur,  ultijmta  load  with  15.0  ppm  saa  salt  was 
lower  than  with  0.0  or  1.50  pps  saa  salt. 

(5)  At  0.40  par  cant  sulftir.  increasing  saa  salt  coicentration  had  no 
effect  on  ultinata  load. 

Tha  affect  of  cleaning  on  xiltiaata  load  of  Sierra  200  is  shown  in 

Table  XL. 
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T/^-BLE  XL 

EFFECT  OF  ClilANING  OK  ULTIMATE  LOAD  OF  SIERRA  200 


Ultimate  Load,  lb  X  10"^ 

No  Cleaning 

Cleaned 

2.100 

2.120 

2.170 

1.960 

Mean  2.068 

Overall  Mean 

2.056 

2.140 

2.060 

1.800 

2.100 

2.025 

Analysis  of  Variance 

Source  of  Variation 

Degrees  of  Sum  of 

Freedom  Souares 

Mean 

Square 

Total 

7  0.1028 

Cleaning 

1  0.0078 

0.0078 

Error 

6  0.0950 

0.0158 

Ho  significant  effect  was  found  for  cleaning  Sierra  200.  The 
ultiaate  load  for  the  new  test  speciaens  was  2.056  (2056  lb).  The  I5D 
for  coaqjaring  the  Man  of  8  new  test  speciaens  with  the  mean  of  U  test  speci¬ 
mens  at  a  given  test  condition  is  u.265  (265  lb).  With  this  ISD  a  mean 
of  less  than  1.791  (1791  lb)  for  any  test  condition  in  Table  XXXn  indicates 
a  loss  in  ultimate  load.  The  only  test  condition  which  did  not  cause  a  loss 
in  ultimate  load  was  0.0  ppm  sea  salt  at  0,0002  per  cent  sulfur. 

Vni.  DISCUSSION 


A.  Oxidation  and  Erosion 


In  the  design  of  the  test  program  it  was  desired  to  evaluate  the 
effects  of  (a)  sulfur,  (b)  sea  salt  and  (c)  the  possible  interaction  of 
sulfur  and  sea  salt  on  hot  gas  corrosion.  Data  from  tests  with  no  sea  salt 
and  negligible  fuel  sulfur  permit  an  evaluation  of  the  effect  of  oxidation 
and  corrosion  on  a  specific  alloy.  Inconel  713C  is  essentially  free  of  oxi¬ 
dation  and  erosion  attack.  Itetal  weight  loss  was  1.3  mg/cm2.  This  amounts 
to  0.2  per  cent  per  five  hour  test  or  0.0/>  per  cent  per  hour.  Sierra  Itetal 
200  was  poorer  than  Inconel  713C  with  respect  to  resistance  to  oxidation  and 
erosion  although  the  attack  was  not  considered  excessive.  Metal  weight  xoss 
for  Sierra  Metal  20U  was  6.8  mg/cm2.  This  represents  a  1.2  per  cent  loss  of 
weight  from  the  new  speclMn  or  0.24  per  cent  loss  per  hour. 
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A  visual  inspection  of  the  test  speciaens  showed  considerable 
bowing  (one-eighth  Inch)  of  the  Inconel  713C  in  the  direction  of  gas  flow 
and  relatively  none  with  the  Sierra  Metal  200.  This  relative  difference 
in  ability  to  withstand  the  force  of  the  high  velocity  gas  streaa  is  in 
agreeaent  with  differences  in  tensile  strength.  This  observation  also 
indicates  that  the  test  speciaens  were  under  considerable  stress  during 
exposure  to  hot  gas  corrosion. 

B.  Sulfur  Corrosion 

The  effect  of  sulfur,  se,  was  noted  in  the  Results  with  sero 
sea  salt  in  the  air.  Basically,  In  the  absence  of  sea  salt,  increasing  the 
fuel  sulfur  concentration  frcn  0.0002  to  0.C4  and  0.40  weight  per  cent 
respectively,  did  not  significantly  affect  weight  loss,  ultiaate  tensile 
strength,  elongation  and  ultiaate  load  of  Inconel  713C.  Visual  inspection 
of  these  test  speciaens  showed  little  evidence  of  corrosion.  An  attempt  has 
been  aade  to  show  this  by  the  photographs  of  test  speciaens  in  Figure  5* 

The  insignificant  changes  in  weight  loss  and  tensile  properties  are  shown 
in  Figures  6,  7  and  8. 

With  Sierra  Metal  200,  in  the  absence  of  sea  salt,  increasing  the 
fuel  sulfur  content  from  0.0002  to  0.040  increased  the  metal  weight  loss 
slightly  ^lle  increasing  the  fuel  sulfur  from  0.040  to  O.40  weight  per  cent 
decreased  metal  weight  loss,  niotographs  of  the  Sierra  Metal  200  test  specl- 
aens  under  these  conditions  are  shown  in  Figure  9.  The  variation  in  aetal 
wel^t  loss  is  shown  graphically  in  Figures  10  and  11.  An  Increase  in  fuel 
sulfur  froa  0.0002  to  O.O4O  and  0.40  weight  per  cent  had  no  significant  effect 
on  the  tensile  properties  of  Sierra  Metal  200,  in  the  absence  of  sea  salt. 

This  is  shown  in  Figure  12. 

It  appears  that  the  effect  of  sulfur  per  se,  without  any  sea  salt 
present  and  at  the  2000  F  operating  conditions,  is  almost  negligible  with 
regaid  to  the  hot  gas  corrosion  of  Inconel  713C  and  Sierra  Jfetal  200. 

C.  Sea  Salt  Corrosion 


The  effect  of  sea  salt  in  the  ccaabustor  air  jger  se,  is  shown  by 
analyses  in  the  Results  section  of  this  report  essentially  sulfur  free 
base  fuel  (2  ppm)  was  used.  This  effect  is  shown  visually  in  Figures  6  and 
7  for  Inconel  713C.  In  the  bar  graphs  of  metal  weight  losses  the  geometric 
means  and  the  upper  and  lower  confidence  liaits  of  the  means  are  shown.  The 
presence  of  1.5  ppn  sea  salt  in  combustor  air  did  not  increase  aetal  weight 
loss  in  the  essential  absence  of  sulfur;  however,  at  I5.O  ppr  of  sea  salt 
aetal  weight  loss  was  suirkedly  increased.  As  shown  in  Figure  5,  this  aetal 
loss  was  characterized  by  patches  of  attack  and  pitting;  i.e.,  localised 
corrosion  taking  the  form  of  cavities  at  the  surface. 

Tensile  properties  for  Inconel  713C  are  shown  in  Figure  8.  At 
2  ppm  fuel  sulfur  there  Is  no  dlrectlcmal  trend  of  change  In  tensile  proper¬ 
ties  with  Increased  sea  salt.  This  indicates  that  the  sea  salt  attack  was 
at  the  surface  of  the  aetal,  with  no  deep  Intergranular  penetration. 
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FIGURE  7 
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Met&l  weight  Doss  data  for  Sierra  Metal  20C  a";  ’  'wn  'n  Figurea 

10  and  11.  With  only  2  ppo  stilfur  in  the  fuel,  it  can  be  not^J  that  metal 
weight  loss  Increases  rapidly  as  sea  salt  is  added  to  tv's  cooibusto  air. 

As  shown  in  Figure  9,  this  metal  loss  was  characterized  by  metal  wastage  and 
thinning  of  the  test  specimen,  indicating  gross  attack  of  the  e.  ,al  on  a 
broad  front. 

Tensile  properties  for  Sierra  Metal  200  are  shown  in  Figure  12. 

At  2  ppm  sulfur  in  the  fuel  there  is  a  loss  in  tensile  properties  as  sea  salt 
is  added  to  the  combustor  air.  This  indicates  that  there  was  preferential 
attack  at  the  grain  boundaries.  Introducing  localized  stress  concentrations, 
resulting  in  corrosion  fatigue. 

From  the  above  metal  weight  loss  data  it  is  obvious  that  high 
ikl  mg/ciB^  or  7.6  per  cent  for  5  hour  test)  hot  gas  corrosion  C'>n  occur  with 
Inconel  713C,  and  excessive  (235  mg/c*2  or  42.7  per  cent  for  5  hour  test) 
hot  gas  corrosion  can  occur  with  Sierra  Metal  200  in  a  saline  atmosphere 
with  essentially  sulfur-free  fuel  under  2000  F  test  conditions. 

D.  Combined  Sulfur-Sea  Salt  Corrosion 

As  shown  in  the  Results  section  there  is  a  significant  sulfur  x 
sea  salt  interaction  on  metal  weight  loss  of  Inconel  713C.  Referring  to 
Figure  6  and  7,  it  is  shown  that  the  highest  level  of  hot  gas  corrosion  occurs 
when  sea  salt  in  the  ccanbustor  air  and  sulfur  in  the  fuel  are  both  at  their 
wiji-rlimiin  concentrations.  Metal  weight  loss  is  greater  than  would  be  predicted 
from  either  sulfur  or  sea  salt  in  the  absence  of  the  other. 

Figure  8  shews  no  combined  sulfur-sea  salt  effect  on  tensile 
properties  of  Inconel  713C. 

In  the  Results  section  it  is  shown  that  the  sulfur  x  sea  salt 
interaction  on  metal  weight  loss  for  Sierra  Metal  200  is  significant.  It 
is  shown  in  Figures  10  and  11  that  maximum  metal  weight  loss  occurs  when 
sea  salt  in  the  combustor  air  was  at  a  maxijaiim  and  sulfur  in  the  fuel  was 
at  vhe  minimum  concentration.  The  inhibiting  affect  of  sulfur  or.  hot  gs* 
corrosion  of  Sierra  Metal  200  would  not  be  predicted  from  tests  with  sulfur 
or  sea  salt  in  the  absence  of  the  other 

In  Figure  12  the  inhibiting  effect  of  sulfur  on  tensile  properties 
of  Sierra  Metal  200  is  shown. 

From  these  data  it  can  be  obseinred  that  sulfur  and  sea  salt  can 
have  varied  effects  on  hot  gas  corrosion  with  sulfur  in  the  presence  of  sea 
salt  promoting  corrosion  of  Inconel  713C  and  inhibiting  corrosion  of  Sierra 
Metal  200  at  the  2000  F  operating  conditions. 

E.  Metallography 

In  order  to  determine  whether  hot  gas  corrosion  experienced  at 
the  2000  F  test  condition  was  a  deep  Intergranular  penetration,  photomicrograph 
of  the  epecimens  were  made.  Fhotomicrographa  of  the  Inconel  713C  specimens 
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after  exposure  tr  the  various  test  conditions,  and  after  cathodic  cleaning, 
are  shown  in  Figures  13  (at  lOOX)  and  lU  (at  60CX).  It  may  be  noted  that 
surface  oxidation  was  general,  with  no  preferential  attack  on  the  grain 
boundaries  of  the  stress-corrosion  type.  The  hot  gas  corrosion  appears  to 
attack  the  entire  surface  of  the  specimen. 

Ftiotomicrographs  of  the  Sierra  Metal  200  specimens  after  exposure 
to  hot  gas  corrosion  at  the  2000  F  test  conditions  are  shown  in  Figures  15 
(at  lOOX)  and  16  (at  600X).  It  may  be  noted  that  with  15.0  ppm  sea  salt  at 
the  various  levels  of  sulfur,  hot  gas  corrosion  attack  was  several  grains 
deep.  There  is  scmie  evidence  of  sulfur  attack,  as  shown  by  the  gray  specks 
at  the  metal-scale  Interface  in  Figure  16,  with  the  high  sea  salt  ingestion 
conditions.  This  material  is  usually  identified  as  chromium  sulfide. 

The  fact  that  there  is  photomicrographic  evidence  o^  a  deeper  attack 
plus  the  lower  tensile  strength  values,  suggests  that  the  sea  salt  is  affecting 
the  inter'll  structure  of  the  Sierra  Metal  200. 

Fv  Mechanism  of  Corrosion 


To  obtain  information  on  the  mechanism  of  hot  gas  corrosion,  the 
statistical  program  previously  described  was  augmented  with  a  limited  number 
of  test*  to  evaluate  the  effect  of  temperature  and  to  study  the  effect  of 
sodium  on  hot  gao  corrosion  in  an  essentially  sulfur-free  system  (2  parts 
per  mi^-lion  sulfur  in  fuel).  In  the  study  of  mechanism,  X-ray  diffraction 
analysis  of  the  scale  from  the  test  specimen*  was  used. 

1.  Effect  of  Temperature  on  Hot  Gas  Corrosion 

Operating  conditions  used  to  evaluate  the  effect  of  exhaust  gas 
temperature  on  hop  gas  corrosion  are  shown  in  Table  VIII.  The  supplemental 
temperatures  of  1500  and  1750  F  were  selected  to  be  below  and  above  the 
freezing  point  of  sodium  sulfate  (Na2S02j),  1623  F.  Selection  of  these 
temperatures  was  based  on  the  premise  that  it  is  important  whether  the 
corrosive  agent  is  in  its  solid  or  liquid  phase.  The  temperatures  selected 
may  have  been  somewhat  arbitrary  since  sodium  chloride  freezes  at  1434  F 
and  the  4!^^  per  cent  eutectic  mixture  of  sodium  sxilfate-sodium  chloride  freezes 
at  1153  K 


Using  Inconel  713C  specimens,  0.40  weight  per  cunt  sulfur  in  the 
fuel  and  15.0  sea  salt  in  the  con^stor  air,  the  fcllowing  data  were  obtained. 
These  data  represent  single  tests  ^.ere  one  specimen  was  cathodically  descaled 
for  weight  loss  determination  and  the  other  was  used  for  X-ray  diffraction, 
analysis  of  scale  and  photceaicrographs. 
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FIGURE  13 
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FIGURE  15 

PHOTOMICROGRAPHS  AT  100X  OF  SIERRA  METAL  200  TEST  SPECI 
AFTER  EXPOSURE  TO  HOT  GAS  CORROSION  IN  PHILLIPS  2  -  INCH  COI 

AT  2000  F  TEST  CONDITION 
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FIGURE  16 

PHOTOMICROGRAPHS  AT  600X  OF  SIERRA  METAL  200  TEST  SPECIMENS 
AFTER  EXPOSURE  TO  HOT  GAS  CORROSION  IN  PHILLIPS  2  -  INCH  COMBUSTi 

AT  2000  F  TEST  CONDITION 
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TABI£  XLl 

EFFECT  OF  EXHAUST  GAS  TEHTORATURE  ON  HOT  GAS  CORROSION  OF  INCONEL  713C 


Exhaust  Gas  Metal  Loss, 


Temperature, 

F 

X-rav  Diffraction  Analyses  of  Seale 

Weight 
Per  Cent 

1500 

Na2S04  (Thenardite),  KgO  (Perielase) 

10.0 

1750 

HgO  (Perielase).  Na2S0j^  (Thenardite),  Ni, 

Fe  (Josephinite) 

0.4 

2000 

NIO  (Bunsenlte),  N^  (Perielase),  tlA230j^  (Fom  III) 

25.6 

As  shown  In  Table  XLZ,  Increasing  the  exhaust  gas  temperature  from 
1500  F  to  2CXX)  F  does  not  increase  metal  loss  linearly.  This  suggests  that 
a  change  in  the  mechanism  of  hot  gas  corrosion  is  involved.  Photographs  of 
the  specimens  before  and  after  cathodic  cleaning  are  shown  in  Figure  17.  The 
amount  and  appearance  of  the  deposits  as  well  as  the  X-ray  diffraction  of  the 
scale  or  corrosion  products  are  different  at  the  low  and  high  exhaust  gas 
temperature.  The  uncleaned  speelsMn  at  1500  F  had  a  thick  coating  of  scale 
and  a  10  per  cent  weight  loss.  This  tenperature  is  below  the  freesing  point 
of  Na2S04  and  which  accounts  for  the  heavy  build-up  of  deposits  from  the 
sea  salt.  No  material  could  be  identified  as  a  corrosion  product.  At  1750  F 
the  scale  was  very  thin  and  the  metal  loss  was  very  low  (0.4  per  cent). 

Since  the  temperature  was  above  the  freesing  point  of  NasSO^  a  major  portion 
of  molten  deposit  was  washed  from  the  specimen  by  the  high  velocity  exhaust 
gases.  The  minor  amount  of  Josephinite  may  have  resulted  from  contamination 
from  other  metal  in  the  burner  system  since  metal  weight  loss  was  low.  At 
2000  F  the  coating  of  scale  was  thin  but  the  attack  on  the  specimen  was 
heavy  as  indicated  by  the  weight  loss  and  the  photograph  of  the  cathodically 
cleaned  specimen.  This  high  metal  weight  loss  (25.8  per  cent)  was  associated 
with  a  change  in  scale  coaq^weition  with  the  major  constituent  being  NiO  and 
Na2S0<  changing  from  Thenardite  to  Form  ni.  The  large  effect  of  temperature 
shown  above  merits  further  investigatim. 

Photomicrographs  (at  600  X)  of  the  heavily  corroded  test  specimens 
at  1500  F  and  2000  F  are  shown  in  Figure  16.  The  attack  at  1500  F  is  character¬ 
istic  of  sulfidation,  with  the  formation  of  randosOy  distributed  internal  gray 
globules  of  ohrcmium  sulfide.  However,  at  2000  F,  where  the  metal  is  no  longer 
covered  by  a  heavy  layer  of  sodium  sulfate,  there  is  little  evidence  of  sulfi¬ 
dation.  Generally,  a  black  oxide  lace  is  found  at  the  surface  of  the  metal; 
however,  in  some  areas,  as  shown,  the  attack  is  led  by  a  very  fine  grained 
structure  of  sulfides.  This  2000  F  speeimsn  differs  from  that  shown  in  Figure 
14,  in  that  it  was  not  cathodically  cleaned.  These  findings  indicate  that  the 
characteristic  sulfidation  attack  at  I5OO  F  gives  way  to  gross  oxidation  at 
hither  temperatures  when  the  metal  is  no  longer  covered  by  a  heavy  deposit  of 
sodium  sulfate.  However,  the  patchee  of  attack,  with  pitting,  at  2000  F  still 
indicate  localised  areas  of  sulfidation. 
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2,  I-Rar  Diffraction  Analysis 

X-ray  diffraction  analyses  were  made  of  the  scale  cn  Inconel 

713c  specimens,  \mder  the  2000  F  conditions,  with  (a)  O.O4O  per  cent  fn<?l 
sulfur.  15.0  ppn  sea  salt,  (b)  0.40  per  cent  fuel  sulfur,  1.50  pp«  s«&  SAlt 
and  (c)  0,40  per  cent  fuel  sulfur,  I5.O  ppm  sea  salt.  X-ray  diffraction 
patterns  were  identical  for  each  of  the  three  conditions.  These  deposits 
were  chiefly  Bunsenite  (NiO).  Other  weaker  diffraction  lines  w^re  not  identified. 
There  was  no  evidence  of  sulfide  compounds  in  the  corrosion  products  as  indicated 
by  X-ray  diffraction.  This  does  not  eliminate  the  possibility  of  the  presence 
of  sulfides  since  X-ray  diffraction  techniques  are  sooetdiat  insensitive  to 
small  concentrations  of  sulfides  and  sulfides,  if  present,  would  be  esipected 
only  adjacent  to  the  metal  where  an  overlay  of  deposits  provides  protection 
from  oxygen  in  the  gas  stream.  More  extensive  investigations  are  needed  in 
this  area. 


More  extensive  X-ray  diffraction  data  were  obtained  on  corrosion 
products  from  Sierra  Metal  200  than  from  Inconel  713  C.  These  data  are  shown 
in  Table  XLII. 


TABI£  XUI 


X-RAY  DIFFRACTION  AMALTSIS  OF  SIERRA  METAL  200  CORROSION  PRODUCTS 


0> 

Sea  Salt,  ppm 

Sulfur,  %  0.0 

1.50 

15.0 

0.0002  No  XRD  Data 

(2%  Wt.  Loss) 

Nio(^) 

NaoWO^vb) 
Fe(AlCr)20jL 
(18^  Wt.  I^ss) 

NiO 

NapWD^ 
Fe(AlCr)204 
(42^  Wt.  Loss) 

0.040  No  XBD  Data 

{7%  Wt.  Loss) 

NiO 

Fe(AlCr)204 
(5^  Wt.  Loss) 

NiO 

Na2W04 
FetAlCr)204 
(22$  Wt.  Loss) 

0.40  Nl,  Fe(^) 

r-Pe304 
{1%  Wt.  Loss) 

NiO 

F^(AlCr)204 
{2$,  Wt.  loss) 

NiO 

Fe(AlCr)204 
(5$  Wt.  Loss) 

(a)  NIC  -  Bunsenite 

(b)  NaoWOi  -  Sodium  Tungstate 

(c)  Fe(AlCr).,04  -  Aluadnlan  Chromite 

(d)  Ni,  Fe  -  Josephinite 

(e)  V-Fe^O^  -  Maglerdte 
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Shown  with  the  X-ray  diffraction  analysis  data  are  metal  weight  losses 
which  occTOTSd  at  the  .i\J.far  x  sea  salt  test  conditions  Indicated.  In  all  cases 
where  sea  salt  was  present  NiO  wac  the  major  constituent  in  the  scale.  Of 
particular  interest  is  the  occurrence  of  sodium  tungstate  (Na2VilOA)  whenever 
the  weight  loss  was  16  par  cent  or  above.  It  may  be  postulated  that  sulfur 
from  the  fuel  is  reacting  with  sea  salt  in  the  combustor  air  to  prevent  formation 
of  Na;^^.  In  the  essential  absence  of  sulfur,  Na2VID>  is  formed  with  1.50  ppm 
•ea  salt  In  combustor  air;  however,  with  C.04C  per  cent  sulfur  in  the  fuel 
^<^2^4  present  and  metal  weight  loss  is  greatly  reduced.  Likewise  with 

15.0  ppm  sea  salt,  increasing  fuel  sulfur  from  0.040  to  0.40  per  cent  eliminated 
Na2VI04  and  markedly  reduced  metal  weight  loss. 

A  moxm  eo^>lete  investigation  of  corrosion  products  might  show  the 
reason  for  the  obvious  differences  in  sea  salt  x  sulfur  attack  and  elucidate 
the  differences  in  the  mechanism. 

3*  Sodium  Corrosion 


In  order  to  stu<|y  the  effect  of  sodium  on  hot  gas  corrosion,  a  series 
of  tests  were  conducted  at  the  2000  F  test  conditions  with  an  essentially 
sulfur-free  system  with  regard  to  fuel.  These  data  are  shown  in  Table  XLIII. 


TABU  mil 

EFFECT  OF  VARIOUS  SODIUM  COWTAINIHG  COMPOUNDS  ON  HOT  GAS  CORROSION 


Additive 


Additive 

Concentration 


Sulfur 
In  PUel 


Super  Wei^t  X-Ray  Diffraction 
Alloy  Loss7<  Analysis  of  Scale 


None(*) 

Sea  Salt(») 

Sodium  Chloride'  ^ 

None^*^  f  . 

Sea  Salt^»'  ... 
Soditas  Chloride 
Sodium  Rydroxide''^^ 


None  —  ? 

15  ppm  in  air  2 

9  ppm  in  air  2 

Hone  2 

15  ppm  in  air  2 

9  npm  in  air  2 

6  ppm  in  air  2 


ppm  713C  0.2 

ppm  713C  8.7 

ppm  713C  14.2 

ppm  SM  200  1.2 

ppm  SN  200  42.7 

ppm  SM  200  43,7. 

ppm  SM  200  lOOCc) 


NiO,  Fo(AlCr)204 


N10,Na2W04,Fe(AlCr)204 
NiO,Na2lilD4,  Pe(AlCr)204 
N10,Na^04,Fe(AlCr)204 


(a)  Base  line  data. 

(b)  Added  at  a  concentration  to  obtain  a  cosqparable  level  of  sodium  as  found 

in  sea  salt. 

(c)  About  90  per  cent  of  the  specimen  was  corroded  away  in  four  hours  at  which 
time  the  test  was  tezednated. 


In  these  tests  sodium  was  introduced  in  the  form  of  sea  salt, 
sodium  chloride  or  sodium  hydroxide.  The  concentration  of  sodium  was  main¬ 
tained  in  all  casee  equivalent  to  the  sodium  in  sea  salt. 
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With  Inconel  713C  it  is  shown  that  substitution  of  sodium  chloride 
for  sea  salt  increases  hot  gas  corrosion.  This  suggests  that  materials  present 
in  sea  salt  such  as  non-aggressiTe  alkaline  earths  or  passive  sulfates  are  re¬ 
tarding  the  corrosive  attack  of  sodium.  Nickel  oxide  and  aluminian  chromite 
^e(AlCr)20^^  were  identified  by  I-ray  diffraction  of  the  deposits  with  sodium 
chloride,  with  NiO  being  the  major  component. 

With  Sierra  Metal  200  substitution  of  sodium  chloride  for  sea 
salt  had  essentially  no  effect  on  metal  weight  loss;  how«vMT>,  sodiun  hydroxide, 
NaOH,  was  much  more  severe  than  sea  salt  or  sodium  chloride  with  respect  to 
metal  weight  loss.  It  is  interesting  to  note  that  the  same  corrosion  products 
were  identified  by  X-ray  diffraction  for  each  of  the  three  sodium  systems. 

This  suggests  that  the  same  mechanism  of  attack  was  involved  in  aU  three  cases. 
While  the  mechanism  of  NaOH  attack  is  unknown,  it  may  be  that  excessive  corrosion 
was  caused  by  active  oxygen  from  sodium  peroxide,  NsoOo,  or  it  msy  be  that 
sodium  hydroxide  forms  a  fused  salt  of  greater  solubility  for  the  protective 
scale  and  thus  clears  the  base  metal  for  accelerated  attack. 

From  these  data  it  is  quite  apparent  that  catastrophic  corrosion 
may  be  experienced  in  an  essentially  sulfur-firee  environment. 

VII.  COiCIUSIONS 

The  following  statements  can  be  made  concerning  the  effects  of 
sulfur  in  fuel  (0.0002,  O.OAO  and  0.40  weight  per  cent)  and  sea  salt  in  air 
(sero,  1.50  and  15.0  p^s  per  million)  on  hot  gas  corrosion  of  super  alloys 
(Inconel  and  Sierra  Metal  200).  They  are  based  on  evaluations  of  metal 
specimens  following  exposure  to  vitiated  air  from  Phillips  2-inch  cosftmstor 
(56  air-fuel  ratio)  at  hi^  tesqmrature  (2000  degrees  Fahrenheit),  hi^  pressure 
(15  atmospheres),  and  high  velocity  (500  feet  per  second)  during  a  five  hour 
cyclic  test  (55  minutes  fuel-on,  5  minutes  fhel-off).  The  significance  of 
test  specimen  BMtal  losses  and  changes  in  tensile  properties  were  established 
by  analyses  of  variance,  made  at  a  confidence  level  of  95  par  cent. 

1.  Oxidation  and  erosion  were  minor  -  in  the  absence  of  sulfur  and  sea  salt. 

2.  Sulfur  had  little,  or  no,  effect  on  hot  gas  corrosion  -  in  the  absence  of 
sea  salt. 

Sea  salt  accelerated  hot  gas  corrosion,  in  earns  instances  to  catastrophic 
levels. 

4.  Splfuf  sea  salt  interacti<«8  were  significant;  but,  while  hot  gas  conroaion 
of  Inconel  713C  was  accelerated,  hoi  gas  corrosion  of  Sierra  Natal  200  was 
inhibited. 

5.  D^reasins  sulfur  concentration  in  lUel,  from  the  current  lP-5  specification 
maxlMi  of  0.40  to  0.040  wei^t  per  cent,  did  not  reduce  eea  salt  corroaioc 
aignifleantly. 
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Vm.  RECOMWgHDATIOHS 

IMs  studj  was  aade  to  detendne  whether  the  aaylBaini  sulfur  limit  of 
0.4  weight  per  cent,  currentlj  allotwed  In  grade  JP>5  aviation  turbine  fuel,  is 
a  safe  level  for  the  protection  of  turbine  blade  allo/s  used  In  advanced  engines. 
If  not,  information  was  sought  to  show  whether  a  reduction  in  the  sulfur  speci¬ 
fication  limit  would  alleviate  hot  gas  corrosion  significantly.  However,  the 
eomplez  interaction  found  with  ingested  sea  water  does  not  allow  for  either 
recomeendation  without  additional  information. 

This  study  does  net  Indicate  a  need  for  precipitate  action  to 
reduce  the  maTlmaa  sulfur  limit  of  0.4  wei^t  per  cent,  currently  allowea  in 
grade  JP-5  aviation  turbine  fuel.  Both  of  the  nickel-base  alloys  used  in 
this  study  showed  good  resistance  to  oxidation,  erosion,  and  sulfidation  - 
in  the  absence  of  sea  salt.  However,  catastrophic  sea  salt  corrosion  was 
encountered  with  both  super  alloys,  in  some  Instances.  A  significant  sulfur 
X  sea  salt  interaction  was  shown  by  both  super  alloys;  but,  while  hot  gas 
corrosion  of  Inconel  713C  was  aceelc^ated,  hot  gas  corrosion  of  Sierra  Ketal 
200  was  Inhibited.  The  catastrophic  level  of  corrosisn  encountered  with 
Inconel  713  C  at  hi^  sea  salt  x  sulfur  ccmcentrations  was  reduced  to  a 
negligible  level  by  a  drop  in  exhaust  gas  temperature  from  2000  to  1750  P, 
indicating  the  prime  importance  of  operating  temperature.  Therefore,  it  is 
recomemnded  that  this  study  be  extended  to  obtain  more  complete  data,  covering 
additional  super  allays,  eveduated  over  a  range  in  exhaust  gas  temperature. 

H.  roTDKE  WORK 

A  test  program  to  obtain  the  desired  data,  c<mceming  the  effect 
of  sulfur  concentration  and  sea  water  Ingestion  on  hot  gas  corrosion  of 
tnrbine  blade  and  turbine  nossle  guide  vane  materials,  would  reqxiire  an  esti¬ 
mated  106  five-hour  teste.  Since  this  would  take  about  aix  montha  of  test 
/acility  time  for  completion,  it  la  not  feasible  under  the  present  contract. 
Mevertheleee,  the  teat  program  will  be  detailed  to  provide  an  understanding 
of  the  authors'  intent,  and  to  facilitate  future  planning. 

The  test  program  reccmmmded  to  obtain  additional  Information 
differs  from  that  uaed  for  the  present  study  in  several  significant  respects, 
as  follows: 

1.  IbAimet  Gae  l^israture.  Three  levels  of  exhaust  gae  temperature  (1600, 

2006,  and  2206  P),  bracketing  the  useful  limit  for  nlckel-baee  and  cobalt- 
base  allo^  would  be  inveetlgated  to  eetabliah  whether  there  are  signifi¬ 
cant  ciw  n  Uie  medtaniam  of  eorroaion  occurring  at  tsmperaturea  above 

the  freesuiM^  ^int  of  eodiimi  enlfate  (I623  P). 

2.  Sea  Salt  OexHtent ration.  An  inteimediate  coneentratioe  of  10  parte  per 
■iillM  of  sea  salt  in  air,  between  the  I.50  and  15.0  levels  uaed  in 
this  study,  has  besn  chosen  to  redUM  the  total  mad>er  of  teats. 
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3.  Caacade  Teatlim.  The  super  alloy  test  speelMns  would  be  aounted  ir. 
pairs,  as  in  the  present  study;  but  three  test  speciaen  holders  would 
be  used,  stacked  in  series  and  successively  rotated  120  degrees  to  prevtmt 
channeling  of  hot  gas  flow.  This  would  allow  for  the  exposure  of  six 
test  speclaens  during  each  test,  at  little  additional  cost  except  for 
the  price  of  the  test  speclaens.  Cascade  testing  subjects  downstreaa 
test  speeiasns  to  corrosion  products  not  nomally  present  In  the  exhaust 
gas,  as  would  be  the  ease  in  a  aultl-stagr  turbine. 

U  Super  Alloys.  The  eoaposltion  of  the  five  super  alloys  reeoanended  for 
future  testing  are  shown  In  Table  XUV.  An  attsi^  has  been  aide  to 
select  turuoM  '»l^e  and/or  turbine  noztle  guide  vane  aaterials  used  in 
hi^  perforaanee  engines  of  advanced  design.  IRCO  713C  and  SII-200  have 
been  inclxided  because  of  the  background  of  eoaplex  sulfur  x  sea  salt 
Interaction  experienced  with  thea  during  this  study.  The  selection  of 
IN-100  and  OdiMt  500  has  been  teapered  by  a  desire  to  cover  a  range  of 
froa  10  to  20  pMr  cent  In  chroadua  content  with  nlckel-baae  alloys.  In 
addition,  it  is  recoMended  that  a  coated  super  alloy  be  Included  to 
obtain  a  aeasure  of  Its  Increased  resistance  to  ccrroalcm;  specifically, 
Nlsc^  Coating  No.  MK-1  on  INOO  713C.  This  Is  an  altadnua  diffusion 
type  coating  for  nickel-base  alloys,  approxiaately  0.002  inches  thick, 
of  sufficient  ductility  to  resist  erosion  by  foreign  aaterlal. 

5.  Scale  Coaposltlcn.  Studies  of  the  aechanlaa  of  corrosion  would  be  en¬ 
hanced  by  sappleaantlng  present  aeasureamts  of  test  speciasn  wel^t 
chatige,  te''.slle  properties,  and  aetallographlc  evaluation  with  aore 
cospr^enalve  analysis  of  all  corrosion  products;  using  X-ray  diffraction, 
I-my  fluorescence,  and  ealssion  spectroscopy. 


CCMPOglTION  or  SPITO  ALLOYS  REOOlWgngD  FOR  FTmjRE  TESTING 


Noainal 

Coaposltlon 

.  per  cent 

Allofrlnx  Eleasnts 

aco  713C 

Slf-200 

vhm 

Nickel 

72 

60 

60 

51 

Cobalt 

— 

10 

15 

19 

63 

ChroaiYBi 

13 

9 

10 

19 

21 

Nolybdemai 

4.5 

— 

3 

4 

— 

Tuartgsten 

— 

12 

— 

— 

n 

Aluadmai 

6 

5 

5.5 

3 

— 

Tltaniua 

0.6 

2 

5 

3 

— 

Iron 

1 

0.5 

0.5 

1 

2 

ColuabluB 

2 

1 

2 

NSnsdlua 

— 

— 

1 

— 

Carbon 

0.1 

0.2 

0.2 

0.1 

0. 

6.  ^aa  Ooapoeitiop.  Heaswsnta  of  eoiNttst  gas  twperetnre  ty 

theraoeonples,  and  subsequent  calculatli^  of  ^aimstion  e^cleocy, 
weald  be  sapi^nted  hf  deteralnatlon  of  «danst  gas  «cS|»eltion  usl^ 
gas  dircaatograpiqr. 
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7.  Ttnells  PropTtise.  The  flat  bar  teat  speeiMn  would  be  reduced  in 
croM  Mction  for  tensile  evaduation  bj  drilling  a  1/8  inch  diaaeter 
hole  in  Ite  center.  This  voold  allow  for  retention  of  its  usually  aore 
hl^ilj  corroded  edges.  The  present  aethod  of  reducing  cross  section 
by  fillets  affords  an  excellent  evaluation  of  intergranular  attack  on 
the  best  eetal.  Hofnever,  the  proposed  Method  would  provide  a  aore 
sensitive  mss sere  of  the  over-all  dsasge  to  the  teat  speciaen,  reflecting 
both  Intergrenular  attack  and  loss  in  cross  sectional  area. 

The  eiperljesntal  lay-out  suggested  for  this  test  prograa  is  shown 
In  Table  ILf .  It  will  allow  statistical  analysis  of  the  data  to  evaluate 
the  effects^  sod  Interactions,  of  the  three  teat  variables  -  (a)  sulfur  con¬ 
centration  in  fuel,  (b)  sea  salt  in  air,  and  (c)  exhaust  gas  tonperature. 

All  six  of  the  super  alloys  would  be  tested  siai^taneously,  with  their  locaticuis 
In  the  cascade  progrsMsd  so  that  each  super  alloy  would  occupy  each  of  the 
three  stages  Udee;  once  in  the  left  position,  and  (Mnce  in  the  right  position. 
This  will  pendt  analysis  of  the  effects,  and  Interactions,  of  the  three  teat 
variables  on  eadi  si^Mr  alloy,  as  located  In  each  stage  of  the  cascade. 

A  total  of  72  analyses  of  variance  would  be  wade.  These  tfould 
consist  of  the  six  super  alleys,  at  each  of  the  three  stages,  for  each  of 
the  four  response  variables  -  (a)  test  speclnsn  natal  loss,  (b)  tensile  strength, 
(c)  ultlaate  load,  and  (d)  elongation.  Sach  analysis  would  be  based  upon  the 
various  Means  calculated  frou  the  data  and  Interaeticms  obtained  freu  an 
analysis  of  variance  table.  An  analysis  of  variance  for  the  reecaanended 
test  progrsM  would  have  the  fom  shewn  in  Table  XLVI. 
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TABUS  XLV 

RBCCMMESDED  TBST  PROGRAM 


I 


["est  Variables  (a) 


'xhaust 

Sulfur 

Sea  Salt 

Position  ( 

of  C 

iiiiiar  A  Hot 

Sneclsena 

in  Cascade 

’emp. , 

in  Fuel, 

,  in  Air, 

Sta«e  1 

stage  2 

Stage 

3 

F 

Wt.  % 

.  -  Bgn 

L 

,R 

L 

R 

T 

L( 

R 

L 

B 

L 

1 

L 

R 

180t 

0.tKX)2 

C 

10.0 

^2 

^2 

^2 

^2 

X2 

^2 

h 

h 

h 

Y2 

^2 

1300 

G.C002 

X2 

Y2 

^2 

X2 

X2 

Y2 

Y2 

X2 

X2 

Y2 

V,. 

X2 

1300 

0.040 

n 

'^2 

^2 

Y2 

'<2 

X2 

Y2 

Y2 

x.? 

X2 

Y2 

Y2 

X2 

1800- 

C.O4O 

10.0 

X2 

*2 

X2 

X2 

Y2 

Y2 

X2 

X2 

Y2 

Y2 

X2 

iMrX) 

0.40 

0 

X2 

Y2 

Y2 

X2 

X2 

Y2 

V., 

•  4L 

X2 

X2 

Y2 

Y2 

X2 

IROC^ 

0.4c 

10.0 

X2 

Y2 

Y2 

X2 

X2 

Y2 

Y2 

X2 

X2 

Y2 

X2 

2(00 

0.00C2 

c 

^3 

II 

Yl 

X3 

Y3 

Yl 

Yl 

X3 

X3 

Yl 

V, 

*i 

X3 

2m 

(/.OOC2 

10.  c 

X3 

n 

Yl 

X3 

X3 

Yl 

Yl 

X3 

X3 

Yl 

Yl 

X3 

2rci' 

C.04C 

0 

h 

Yl 

Yl 

'3 

^3 

Yl 

Yl 

X3 

X3 

Yl 

Yl 

X3 

2(\'C 

0.04c 

10.0 

Yi 

Yi 

A- 

^3 

*‘3 

Y-. 

Yl 

-•3 

X3 

Y 

A 

Yl 

X3 

2Ci*,)C 

C.40 

0 

10.0 

^3 

Yi 

Yl 

X3 

X3 

"1 

Yl 

'3 

’3 

-  X 

Yl 

X3 

?OX) 

0,40 

Yl 

Yl 

X3 

X3 

Yl 

Yl 

X3 

X3 

Yl 

Yl 

X3 

22^;0 

22CC 

y 

<  \  '  ' 

X2\V 

22C0 

22a 

C  .0002 
0,iKX32 
C.C40 
0.C4C 

0.4c 

V.' 

c 

10.0 

c 

10.0 

0 

10.0 

^1 

*‘1 

^1 

§ 

1 

^3 

1 

Xi 

xT 

.4. 

'^1 

Xl 

-^1 

1 

P 

P 

P 

‘3 

V 

vj 

»* 

-'■1 

Xl 

•r 

:!i 

'1 

h 

h 

h 

p 

Y^ 

V 

3 

:3 

3 

^1 

1 

.3tR5  1-36 
H’jns  37-72 
Buns  73-103 

w 

5 

’$2 

i 

‘6 

«  * 

'  f. 

%* 

f-«- 

s 

V'*- 

r.N 

♦ 

‘■3 

‘4 

► 

> 

K’  l-dimet  500 

nt  -  wi-ja 

SK-2tO 
^  IH-XOC 
K7  XKCC  ?13  C 

»  BICO  713  C  with  Kisco  Alueims  Difftistcfj  Coating  Kc.  KDC-i 
L  ^  L«ft  hand  posit loi  in  teat  speciiaan  holder. 

R  hand  posit itm  in  test  3peciic«i  holder. 

t  -  First  series  of  tests. 

T  Secerd  series  of  tests. 


Frocediire: 


A.  Ghsoss  to  rjn  X’s  or  Y's  first  at  rar.doo. 

B.  .And^-lse  the  order  of  .X2»  Xj  and  Y]^,  Y2,  Y3  for  each  greur  of  36  runs. 

C.  Steps  (a)  and  (B)  will  provide  an  erdartng  of  nr.s  in  groups  of  six. 

ruuidociise  the  order  of  runs  within  each  of  theee  groups  of  six. 
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TABU  m  (Coctiimsd) 


Wotts; 

mmmmmmmmm 

(4)  Othsr  Fldllips  2-lnoh  eoiDbastor  opsrsting  ▼srisblss  to  b«  hold  ccmstsnt 


throui^oat  ths  tsst  progrsa. 

CcNibustor  Inlst  Air  Prsssnrs,  ataospharsa  . .  15-0 

Air-PUal  Bstlo,  pounds  par  pound . . .  60 

Eidisast  Gso  Valoeity  st  Tast  Spaciaan,  fast  par  sacond  .  .  500 

Tast  Duration,  hours  . .  5*00 


Inlat  sir  taaparatura  to  ba  variad  ovar  a  rsnga  of  frcm  800  to  1200  F, 
as  raqulrad  to  obtain  dasirad  aadMiust  gas  toiparatura. 

Tharaal  shock  to  ba  introduead  by  an  operating  cycle  of  55  mirmtas  at 
tast  conditions,  followed  by  5  ninutas  with  fuel  off. 
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TABU  HYI 

AHALI3IS  or  VARIAMCK  FOR  MSCOWIBroBD  TBT  PROamC 


Source  of  Variation 


Degrees  of  Freedoa 


Total .  35 

Units  of  Six  Runs .  5 

Position  (Left  vs.  Right) .  1 

Temperature . 2 

Main  Plot  Error  .  2 


Single  Runs  in  Units  of  Six 


30 


Sea  Salt . 

Sulfur . 

Sea  Salt  x  Sulfur  .  . 

Sea  Salt  x  Temperature . 

Sulfur  X  Temperature. . . 

Sea  Salt  x  Sulfur  x  Ten^rature  .  . 
Split  Plot  Error . 


1 

2 

2 

2 

4 

4 

15 
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